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Abstract 
ABSTRACT 
Interfaces of the human body with supporting surfaces are an active area of research in 
rehabilitation medicine. The engineering challenge is to design supporting surfaces that 
provide the desired mechanical properties and at the same time protect the soft tissues from 
necrosis and ulceration. It is believed that ulcers occur at the points were maximum vertical 
and shear stresses are observed. Persons with paralysis, peripheral vascular disease, diabetes, 
or other diseases that affect tissue viability are particularly at risk. However, whereas the role 
of pressure has been extensively studied, the role of shear has not, due to lack of 
instrumentation. 
This thesis concerns the design of a shear and vertical stress transducer with application 
to the in-shoe measurement of stresses between the foot and the shoe insole. The transducer 
utilises fibre Bragg gratings written in optical fibres as the strain sensing element. The 
reflection spectrum of the Bragg grating is a narrow band around a central wavelength which 
shifts when axial strain is applied on the fibre. The Bragg gratings are then fitted into an 
elastically deforming structure is such a way that enables the calculation of the vertical and 
shear stress applied on the structure. Many similar structures can be connected in series to 
form a quasi-distributed in-shoe stress transducer. The measurement of the wavelength shift 
of the reflected light is based on multichannel spectroscopy using a CCD imaging 
spectrograph. 
Two methods for the design of the stress sensor have been investigated. The first is 
based on the theory of elastic bending of beams. The sensor consists of two Bragg gratings 
fitted inside a metallic structure which is able to deform elastically under shear stress. This 
elastic deformation produces strain on the grating which results in wavelength shift. This 
sensor is able to resolve the magnitude and direction of shear stress. The experimental results 
in an enlarged version of the sensor (4Omm diameter, IOmm thick) showed linear response to 
shear stress within ±lO% in the range 0 to 250kPa. Sensitivity of the sensor response to shear 
direction was also observed, which was measured to be ±15%. 
The second method is based on the theory of elasticity of solid polymers. Application of 
stress produces axial strain on the embedded fibres which can be calculated by measuring the 
wavelength shift of the reflected spectrum. Three fibres are embedded into each sensor, 
enabling the simultaneous measurement of vertical and shear components of stress acting on 
the top surface of the sensor. The experimental results from the measurement of three 
sensors (dimensions IOxl0x3mm3) showed linear response within ±lS% in the range 0 to 
120kPa. The average responsivity was measured to be 1.3pm/kPa for vertical stress, and 
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Introduction 
Mechanical forces acting on the skin produce stresses inside the soft tissue, which can be 
sufficient to prevent the blood supply in the contact region. Prolonged application of large 
forces leads to cell necrosis and ulceration (Scales, 1990). Patients with paralysis, the 
bedridden, wheelchair users, and patients with lower-limb prostheses are at high risk from 
the devolopment of pressure sores (Sanders et al., 1996). Diabetic patients, who also suffer 
from peripheral vascular disease and peripheral neuropathy often develop plantar ulcers 
(Boulton ,2000). It is believed that mechanical stresses during walking play an important role 
in the plantar ulcer development. 
The in-shoe mechanical stresses between the foot and the insole can be resolved into 
normal and shear components with respect to the plantar surface. Previously, research was 
focused on the effects of vertical pressure only, mainly due to the lack of instrumentation for 
shear stress measurements. Pollard et al. (1983) suggested that neuropathic ulcers occur in 
sites of maximum vertical or shear stress. He also suggested that footwear affect shearing 
stresses. The first in-shoe shear stress transducer was developed by Tappin el al. (1980). This 
transducer utilised magneto-resistive technology and measured shear stress in longitudinal 
and transverse directions. Several other transducers have been developed for the 
measurement of in-shoe shear stresses, utilising copolymer piezoelectric film transducers, 
and light intensity modulation. 
In this thesis we demonstrate for the first time a fibre-optic transducer for the measurement 
of in-shoe shear stress. The use of optical fibres is expected to overcome the disadvantages 
of the existing sensors. Due to the small size of optical fibres, the size of every stress sensor 
can be small. Therefore, a large number of sensors can be fitted in the shoe insole, enabling 
quasi-distributed sensing. The absence of electrical conductivity of the fibres eliminates the 
danger of electric shock for both patient and operator. Optical signals travelling inside the 
fibres are not affected by the surrounding electromagnetic fields, the main source of noise in 
most sensing systems. Many fibre-optic sensors for point or quasi-distributed sensing have 
been developed. Fibre Bragg grating (FBG) strain sensors were eventually chosen as most 
suitable for this application because of their simple structure, their multiplexing capabilities, 
and their ability to be photo-inscribed into a single fibre. 
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1.1 Aims and Objectives 
The overall aim of this study is to investigate the feasibility of a shear stress transducer using 
fibre Bragg gratings, with a primary target application the measurement of in-shoe stresses. 
The specific objectives of this study are: 
• to design a sensor which will be able to·measure the magnitude and direction of shear 
stress acting on its top surface, and to achieve maximum sensitivity of the sensor for the 
desired stress operating range. 
• to implement the sensor and experimentally evaluate the principle of operation. 
• to test the sensor response to static vertical and shear stress. 
1.2 Outline of Thesis 
This thesis is composed of seven chapters. Following the introductory Chapter 1, Chapter 2 
reviews the subject areas relevant to the research described in the thesis. This includes a 
background review of the recent techniques for the measurement of pressure and shear 
stresses applied on the soft tissue in the skin-prosthesis interface, with particular reference to 
the methods for in-shoe pressure and shear stress measurements. The available optical fibre 
sensors for point and quasi-distributed sensing will be briefly reviewed, along with 
comments on their applicability for the implementation of an in-shoe sensor. The chapter 
continues with the description of the principle of operation of the fibre Bragg grating sensor 
and its fabrication methods. The methods for the interrogation of fibre Bragg grating array 
sensors will then be reviewed, and their suitability for the implementation of the in-shoe 
transducer will be examined. 
The experimental setup, which was implemented for the laboratory testing of the sensor 
response to vertical and shear stress, will be described in chapter 3. The optoelectronic 
system for reading the fibre Bragg grating sensors will also be described. The system was 
calibrated and tested prior to measuring the sensor response. The calibration procedure will 
be explained in that chapter. 
Two different methods have been developed for the implementation of the shear stress 
sensor, mimed the "metallic seruor", and the "elastomer seruor". The design, principle of 
operation, and the experimental evaluation of the metallic sensor will be presented in 
chapter 4. Issues from the theory of the elastic bending of beams which are directly related to 
the sensor design, will also be given. 
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The elastomer sensor will be presented in chapters 5 and 6. Chapter 5 describes the design of 
the sensor using the classic theory of elasticity in solid polymers. which is based on the 
assumption that the elastic behaviour of the material is independent of the presence of the 
embedded optical fibres. The theory of elasticity in solid polymers will be briefly described. 
Experimental results from a single-fibre sensor will also be given. 
The theoretical model the elastomer sensor is reconsidered in chapter 6, using the theory of 
composite materials. The fabrication procedure, and the experimental results from measuring 
three elastomer sensors will be presented. Comparison of the theoretical predictions of the 
two models, with the experimental results from the measurement of the sensor response to 
shear and vertical stress will be given in this chapter. 
Chapter 7 concludes this thesis with a general discussion on the performance of the shear 
stress sensor, and suggestions for future improvement of the sensor and the development of 
the in-shoe transducer. 
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Introduction 
The factors which could lead to the development of pressure sores, and the role of the 
mechanical stresses on ulcer fonnation will be explained in this chapter. The methods which 
have recently been used for the measurement of the stresses applied on the skin will be 
briefly reviewed, with particular reference to the measurement of in-shoe pressure and shear 
stresses. The potential advantages of optical fibre sensors for point and quasi-distributed 
sensing, and especially those of fibre Bragg gratings, will be discussed. The principle of 
operation of the fibre Bragg grating as strain sensor will then be explained. Finally, the 
current techniques for grating fabrication, and the methods for the interrogation of multiple 
Bragg grating array sensors will be reviewed. 
2.1 Mechanical stresses on ulcer formation 
The mechanical force applied externally on the skin surface is an important factor in the 
development of skin damage and pressure sores. According to Bader, a pressure sore is the 
result of tissue necrosis caused by the occlusion of the blood supply to the skin and the 
underlying soft tissues following sustained compression of blood vessels. Tissue damage 
occurs when stress above a critical value acts for a critical period of time in the tissues 
between the skeleton and a surface supporting the body. Healthy subjects do not develop 
pressure ulcers because, due to the motions of the body, stresses are not applied for sufficient 
time and magnitude. (Bader, 1990, pg.15). 
Several factors responsible for the development of pressure sores are (Bader, 1990, 
pg.31): 
• reduced blood flow to the tissue under stress because of heart failure or other 
cardiovascular diseases 
• immobility of patients lying or sitting on a hard surface for prolonged times 
• reduction of tissue stiflhess due to dehydration as a result of blood loss, diuretic 
therapy, and diabetes. 
The interface stresses are transmitted through the soft tissues, producing stresses and strains 
inside the tissue. The mechanical properties of the soft tissue will therefore influence the 
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breakdown process. Areas with minimal tissue covering over bony prominences are more 
susceptible to breakdown than areas of thick tissue and reduced stiffuess (Bader, 1990, 
pg.191). 
Because persons with disabilities usually subject the skin and underlying soft tissue to 
stresses for longer duration than in normal subjects, the tissues are at higher risk of 
breakdown. Persons with paralysis, peripheral vascular disease, diabetes, or other diseases 
that affect tissue viability and quality are particularly at risk (Sanders et al., 1996). 
Individuals who use wheelchairs or who are bedridden, including those with spinal cord 
injury or other functional restrictions are at particular high risk from ulcers in the sacral and 
ischial regions. Patients with a lower-limb prostheses subject their residual limb to repetitive 
pressure, which often leads to tissue breakdown. Persons with insensate feet or poor 
circulation in their extremities often experience foot ulcers (Sanders et al., 1996). 
The mechanical stress can be divided into two components, direct stress normal to the skin 
surface, and shear stress applied tangentially to the surface. The effect of normal stress has 
been examined for continuous pressure of high magnitude (Kosiak et al., 1958), and for 
repetitive mechanical loading (Brand, 1976). Both conditions lead to ulcer formation. The 
combination of normal and shear stress has been found to be particularly damaging to the 
skin and underlying tissues. Bennett et al. (1979) reported that at a sufficiently high 
magnitude of shear stress (approx. 10kPa), the normal stress necessary to occlude blood flow 
was reduced by one-half if a simultaneous shear stress was applied. Later, Zhang and 
Roberts (1993) investigated the effect of shear .forces externally applied to skin surface on 
the underlying tissues. Vertical stress in the range of 3.8-13kPa was applied on the dorsal 
aspect of thigh in four healthy subjects. Shear stress was simultaneously applied in the range 
1-12.SkPa. The effect of stresses on the tissue was examined by measuring the skin blood 
flow using a laser Doppler flowmeter. They concluded that when shear stress equal to the 
vertical stress was applied, the blood flow reduced by 45% from the flow when only vertical 
stress was applied. The study suggests that the resultant force is the most critical parameter 
in assessing the effect of stress applied on the skin, and that shear stress has the same effect 
of vertical stress on the skin and underlying tissue. 
2.2 Measurement of interface stresses 
The importance of vertical and shear stress to skin damage and ulcer formation has therefore 
been well established. The design challenge for the rehabilitation engineer is to create a body; 
support interface that provides stability but avoids excess loading of the skin contact region 
which could lead to tissue breakdown (Sanders et al., 1996). Once breakdown occurs, a 
period of rest is required and the person is unable to use the wheelchair, prosthesis, or shoe. 
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This can impair mobility and be very frustrating for the patient. In several cases, the tissue 
does not heal and surgery to repair or remove tissue is required (Sanders and Daly, 1996). 
Of potentially strong benefit in prosthetics are measurement methods to quantitatively 
analyse the interface stresses. They are necessary tools during the design and fitting of the 
artificial socket, since they allow the comparison of interface stresses for different socket 
designs, alignments, and materials (Sanders, 1995). They can also allow evaluation and 
improvement of analytical computer models intended to predict interface stresses. For 
example, Reynolds and Lord (1992) have used Finite Element modelling for the compression 
of the residual lower limb contained in a prosthetic socket. The direct pressure at the limb-
socket interface for different material properties and socket alignment and rectification are 
inputs of the computer model. This allows the assessment of the tissue loading before the 
prosthesis is fabricated or fitted on the amputee patient. 
The methods which already exist, their capabilities, applications and limitations, will be 
presented in the next sections. Many sensing methods have been developed for measuring 
mechanical stress on the skin. The interest of this review will mainly be focused on the shear 
stress sensors. Because the primary target application of the fibre-optic sensor presented in 
this thesis is the measurement of in-shoe shear stresses, emphasis will be given in the 
presentation of the available devices and methods for measuring stresses beneath the foot. 
2.2.1 Measurement of stress at the residual limb-prosthetic socket 
interface 
The sensors used for the measurement of interface stress between the residual limb and the 
prosthetic socket are divided in two groups, based on the method of placement of the sensor 
at the interface (Sanders, 1995). The first group includes sensors which are inserted between 
the skin and the socket. A widely used sensor is a diaphragm deflection strain gauge (Kulite1 
sensor). The sensing element is 3.2mm in diameter and 0.8mm in thickness, which is able to 
measure normal stress only. It is a monolithic integrated circuit Wheatstone bridge formed 
on the silicon diaphragm. Several problems associated with this transducer are the relatively 
high stiffness of the sensor compared to the tissue and the prosthesis material, which disturbs 
the stress distribution on the sensor diaphragm and leads to underestimation of the normal 
stress by 10% (patterson and Fisher, 1979). Other limitations of the sensor are i) the presence 
of the cables restricts the movement of the patient during test, ii) it provides data for a single 
isolated point, iii) misalignment of the sensor occurs while wearing and removing the socket 
(Sanders, 1995). Quasi-distributed sensing has been achieved using piezoresistive sensor 
I Kulite Semiconductor Products, Inc. 1 Willow Tree Road, Leonia, NJ 07605 
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arrays made by Tek-Scan I (Sanders et ai, 1992). The measurements, however, are restricted 
to normal stresses only. 
By fitting the sensors in the socket wall, the problem of tissue deformation and 
misalignment were eliminated. Sanders and Daly (1993) demonstrated a three-directional 
force transducer system. A cantilever beam deflection principle was used for the 
measurement of the two components of shear stress, each one measured using four strain 
gauges in bridge configuration attached on the sides of the cantilever. A diaphragm strain 
gauge measures the vertical stress. The full-scale output was measured 175kPa for vertical 
and 75kPa for shear stress. Resolution of 0.15kPa, 0.73% crosstalk, and a dynamic response 
of 117Hz were also measured. The active area of the sensor is 6mm in diameter, the overall 
size however restricts its practical use. Furthermore, amplification electronics must be 
carried by the patient. Distributed sensing in four locations in the residual limb-prosthesis 
interface was performed. 
Williams et al. (1992) proposed a three-dimensional sensor ~f small size and shape. It is 
16mm in diameter and 3.8mm thick. Shear measurement is achieved using three aluminium 
disks, each of the outer two containing a semiconductor field coil and the centre one 
containing a magnet. This is an improved version of the unidirectional shear stress sensor 
presented by Tappin et al. (1980). All disks are separated by layers of rubber which deform 
under shear loading, causing a position change of the magnet relative to the field coils. For 
normal stress measurement, a strain gauged diaphragm on an annular ring was allowed to 
move along four mounting pins when the diaphragm was deflected by a fixed indenter. The 
strain-gauged diaphragm is positioned below the shear sensing element described above. The 
force measuring range is 0-50N for shear and O-lOON for vertical (roughly 250kPa shear and 
500kPa vertical), 5% accuracy, and dynamic response OJ-100Hz. In-bench testing showed 
that crosstalk between the two perpendicular shear directions was minimal, but the hysteresis 
was relatively large, approximately 8% fullscale output and, 2% for vertical. Due to the 
viscoelastic nature of rubber, 5% creep in shear was reported. 
2.2.2 Foot pressure measurement 
It has already been mentioned that patients suffering from diabetes mellitus are at high risk 
of developing foot ulceration. Foot ulceration in diabetic patients can be caused when one or 
more of the following factors exist (Boulton, 2000): 
• Peripheral Vascular Disease (PVD). A minor injury and subsequent infection of the foot 
increases the demand for blood supply. The reduced circulatory capacity of the patient 
suffering from PVD can possibly lead to ulceration; 
I Tek-Scan Inc., 307 West First Street, South Boston, Ma. USA. 
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• Diabetic Neuropathy. This condition results in sensory loss of pain and reduction of 
sweating. The insensate and dry foot is at great risk of painless injury and subsequent 
ulceration. 
• Defonnity. Any defonnity occurring in the diabetic foot, for example prominence of 
metatarsal heads, increases ulcer risk because of unusual load distribution. 
When many of the above factors simultaneously exist, the risk of foot ulceration at the points 
of maximum vertical or shear stress is increased. Several researchers have been working on 
the measurement of the stresses developed on the plantar surface during walking, and many 
instrumentation methods have been developed. The measuring techniques can be classified 
into two categories: 
1. Techniques for barefoot measurement 
2. Techniques for in-shoe measurement. 
All devices developed for measuring barefoot plantar stresses are floor-mounted rectangular 
surfaces and measure less than three quarters of a metre square. As a result, only one step 
can be analysed at a time from a walk consisting of several. A second disadvantage is that 
the walk is usually altered in order to step on the device, which can lead to false 
measurements. 
Early devices for measuring pressure between the barefoot and the ground during 
walking, as well as devices for in-shoe measurements have been extensively reviewed 
elsewhere (Lord et al., 1986; Alexander et al., 1990; Cobb and Claremont, 1995; Hosein, 
1996; Pitei, 1998). A brief review of the latest devices will be given here. 
2.2.2.1. Barefoot measurement 
A popular method for dynamic measurement of the stress distribution on the plantar surface 
is the dynamic pedobarograph described by Franks et al. (1986). In this system, a 
photographic paper foil is placed on top of a glass plate. The upper surface of the foil is 
covered with light-proof material to eliminate background illumination. When the glass plate 
is illuminated at the edges, it acts as a light guide and total internal reflection occurs at the 
glass-air boundaries. Application of pressure on the foil brings it in contact with the glass, 
and no total internal reflection occurs. Light rays illuminate the lower side of the foil. The 
intensity of the scattered light is proportional to the pressure applied. The scattered light 
from the foil is reflected from a mirror and filmed on the side with 25 frames/so This system 
provides higher spatial resolution than any other method based on discrete transducers 
(Franks, 1997). The system is capable of measuring vertical stress up to 2000kPa. 
Disadvantages of the system are the relatively low dynamic response, the large size, and the 
complex calibration procedure. 
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Hughes et al. (2000) have recently demonstrated a high resolution pressure sensor for 
barefoot measurements. The device uses an interferometry technique that involves the use of 
a He-Ne laser. The laser beam is expended and directed through a plate made of a 
transparent material (perspex). Part of the beam is reflected at the bottom of the plate, while 
the rest continues through the plate until being reflected off the top surface of the plate. The 
two beams then combine and interfere at a certain point, where an interference pattern is 
produced. This pattern is then captured by a CCD camera and transferred to a computer for 
signal processing of the interference pattern. The system was demonstrated using a SOOx700 
pixels CCD camera, capable of capturing 2Sframes/s. The dimensions of the sensing area 
(equal to the dimensions of the transparent plate) were 6cm x 9cm, giving a spatial resolution 
equal to 7Opixels/cm2, The dynamic range of the system was measured to be l-1000kPa. 
Drawbacks of the system are the large thickness of the sensing plate and the supporting 
metallic frame (overall dimensions are not reported), and the relatively low stress resolution 
of the system (SOkPa) limited by the viscoelastic nature of the transparent material. 
Thinner, lighter, and therefore more compact devices are the pressure-mat devices. The 
spatial resolution depends on the number of discrete sensors per unit area, and, to date, it is 
lower than the resolution of the optical pedobarograph. These systems utilise capacitive 
transducers, force-sensitive resistors, or piezoelectric material for the implementation of the 
discrete sensing elements. Table 2.1 gives details of currently available pressure-mat 
systems. 
SourcelDevice Mat dimensions Number of transducers /type 
Novell Gmbh EMED 310mm x 480mm 2 to 9 per em" I capacitive 
System 
Cavanagh and IS0mm x 375mm 5121 piezoelectric 
Hennig (1982) 
TekScan" Inc. 500mm x 500mm x2mm 20641 force-sensitive resistors 
Table 2.1: Available pressure-mat systems. 
The main disadvantage of all the previous devices is that they can only measure vertical 
stress. Discrete-transducer pressure-mat systems for measuring shear stress have not been 
reported. Shear forces can be measured using force-platforms. They utilise strain gauges 
(AMTI3), or piezoelectric transducers (Kistler') to measure the vertical and horizontal 
components of the total force applied on the platform during walking. A major disadvantage 
, Novelombh' Beichstrasse 8, 8000 Munchen 40, Germany 
2 TekScan Inc., 451 D Street, Boston, MA, 02210, USA 
3 Advanced Mechanical Technologies Inc., Newton, MA 
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is the inability to provide infonnation of the stress distribution on the plantar surface. 
Furthennore, it is possible that more than one foot is in contact with the measuring surface. 
In that case, the device output will contain infonnation from both feet. It is apparent that this 
is a problem when the device is used for measuring the magnitude and timing of peak forces. 
Recently, however, Begg and Rahman (2000) proposed a method for reconstruction of foot-
ground reaction forces from force-platfonn readings of two consecutive footfalls. The force-
time curve can be estimated within 3% accuracy, provided that the sampling rate is high 
(200Hz), and an undisturbed, previously recorded, force-time curve is available. 
2.2.2.2. In-shoe measurement 
In-shoe stress measurements have two advantages compared to barefoot measurements. 
Firstly, the effect of footwear on the plantar stress distribution, and the subsequent ulceration 
can be investigated. Secondly, in-shoe systems can measure stress during several consecutive 
steps. The main disadvantage of these systems is the relatively low resolution compared to 
barefoot measurements, which is limited by the size of the sensing elements. Problems 
related to the thickness and rigidity of the sensors have also been mentioned (Hosein, 1996, 
pg.71). A stiff transducer could also act as a local hard spot causing pain to the subject with 
the resuk that the gait is altered in order to avoid pain. 
In this section, the most important in-shoe transducers for vertical and shear stress 
measurement will be described. The transducers are classified in two categories: vertical 
pressure measurement only, and shear (or shear and vertical) stress measurement. 
• vertical stress measurement 
Vertical pressure measurement has been achieved using capacitive transducers. A capacitive 
transducer consists of two conducting plates separated by a dielectric layer. Application of 
stress normal to the plates causes elastic compression of the dielectric layer, which thus 
increasing the capacitance. An electronic system is then used to interface the transducer to a 
computer for signal processing and storage. One commercially available system is the 
Computer Dyno Graph System (COG System) by Infotronic1, which provides insole layers 
incorporating 8 prepositioned 30x30x1.5 (mm) transducers. The readout system is carried by 
the patient, and is capable of storing data for 20s at a sampling rate of 50scans/s per 
transducer. The data are then downloaded to the computer for further analysis. The accuracy 
of this system is 10% full scale. A second system which utilises capacitive sensors is the 
EMED System by NovelGmb{ The insole layer accommodates 72 transducers, 1 per cm2• 
I Kistler Instruments Ltd, Alresford House, Mill Lane, Alton, Hampshire GU34 2QJ, UK 
1 Infotronic Medical Engineering, PO Box 73, 7650 AA Tubbergen, Netherlands. 
3 Novelombh' Beichstrasse 8, 8000 Munchen 40, Gennany. 
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The dynamic range is 20-1.5MPa, and the highest sampling rate is 200scans/s. Both spatial 
resolution and sampling frequency are significantly higher than the CDG System. 
A number of commercial systems have been developed using force-sensitive resistive (FSR) 
technology. The sensors are implemented by printing conductive electrodes onto a lower 
plastic sheet, and fixing a conductive polymer or elastomeric sheet on the top. Application of 
vertical pressure brings the material in contact with the electrodes, and a resistor is created. 
Electrical resistance decreases as the vertical load increases. The Langer Biomechanics 
Groupl has developed the Electrodynamograph System (EDG System). Each foot insole has 
7 sensors with dimensions 16xI2.7xO.4 (mm) with a pressure sensitive area Ilx5.5 (mm). 
The measurement range is 0-1.5MPa with sensitivity of ±30kPa. The sensors exhibit 
nonlinearity of 5-10%, a high hysteresis error of 15-20% and drift of 8% after Imin (Cobb 
and Claremont, 1995). Data acquisition and storage is done by a waist-mounted unit, which 
is able to read at 200samples/s for 5s. FSR technology is used by TekScan2 F-Scan Gait 
Analysis System. This system uses conductive and resistive inks on a flexible mylar 
substrate to form a matrix of 960 sensors on a disposable, O.lmm thick, insole. Each square 
5mm2 sensing element is formed by depositing a layer of resistive ink between two 
orthogonal conductors. Aluminium tracks deposited on the external surfaces provide 
connection to a small instrumentation unit worn on the ankle. The matrix is scanned at 
165Hz per sensor with a resolution of 8 bits, giving a sensitivity of ±4kPa. Data are 
transmitted over a lightweight cable to a computer. The advantage of this device is that the 
insoles can be cut to size. Rose et al. (1992) have used this device for static and dynamic 
measurements in normal subjects. Calibration between the sensors was found to be poor, and 
the sensors showed significant wear with use. 
Nevill et al. (1995) have used copolymer (pVdF-TrFE) piezoelectric film to develop a 
10 x 10 x 2.8 mm direct pressure sensor. The sensor was cut from a laminate formed by 
bonding 500Jlm copolymer film between an upper brass sheet and a lower double-sided 
copper-clad board. The laminate provided sufficient stiffuess to prevent significant errors 
caused by lateral stretching and bending of the film. Eight sensors were placed in a 3mm 
thick insole. An instrumentation unit containing 8 charge amplifiers is strapped to each 
ankle. A further waist-mounted unit provides power to the two ankle units and an interface to 
connect the system with a computer. Over the measurement range O-IMPa, linearity was 
found to be <1.5%, hysteresis error <1.5% and resolution ±lkPa. The frequency response 
1 The Langer Biomechanics Group UK. Unit 7, The Green, Cheadle, Stock-On-Trent, UK. 
2 TekScan Inc., 4S 1 D Street, Boston, MA, 02210, USA 
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extends from 0.008Hz to 250Hz. The sensors are sensitive to the variation of temperature 
and humidity and compensation is applied to the data. 
A new system for vertical stress measurement has recently been developed by Pataky et 
aZ. (2000). The system utilises FSR sensors, Imm thick, which are attached at the area of 
interest by an adhesive tape. The advantage of the sensors is their long life. The performance 
of the sensors is claimed to be decreased by 5% after 10 million cycles. The readout system 
weights 280g and is carried by the patient. It is able to scan 2 sensors at 96Hz, and the 
storage capacity is 8 days or 60,000 steps. The device is mainly intended to be used as a 
compensatory mechanism for the loss of pain sensation, by continuously measuring the 
pressure at the points of interest. A sound alarm signal informs the user for pressure above a 
threshold set by the operator. The main disadvantage of the device is the small number of 
sensors which can be read. The size of the sensors was not reported. 
• shear stress measurement 
To investigate the effect of shear forces in ulcer development, a discrete shear transducer 
utilising magneto-resistors was developed by Tappin and Pollard (1980). The magneto-
resistive principle relies on the change of the resistance of a semiconductor magneto-resistor 
by changing the surrounding magnetic field. Two non-magnetic stainless steel disks, 16mm 
in diameter were bonded together with a layer of silicone rubber to produce a device 2.8mm 
thick. The magneto-resistor was fixed on one of the disks. A permanent magnet was fixed on 
the other disk, opposite to the magneto-resistive element. One of the disks had a ridge which 
matches the groove made on the other disk. This arrangement restricts the relative motion of 
the upper disk under shear stress to one direction only, parallel to the groove axis. Movement 
of the permanent magnet with respect to the magneto-resistive element results in change in 
the resistance proportional to the applied force. The elasticity of the silicone rubber provides 
the restoring force to return the magnet to its equilibrium position. Deflection of the magnet 
by 0.6mm corresponds to shear stress equal to 250kPa. By aligning the groove in either the 
longitudinal or the transverse direction, relative to the foot, the related shear component 
could be measured. A bridge circuit provides temperature compensated output voltage. The 
frequency response exceeds 500Hz. 
Laing et al. (1992) used similar sensors for in-shoe measurements. The sensors were 
10mm in diameter and Imm thick. The data acquisition and storage was done by a portable 
unit carried by the patient. The data from 8 transducers could be acquired and stored in the 
unit for 8s at 125Hz per transducer. The data are then downloaded to a computer; 
Lord and Hosein (Lord and Hosein, 2000; Hosein and Lord, 2000) have recently 
presented clinical results from measuring in-shoe vertical and shear stress in diabetic patients 
and normals using a biaxial magneto-resistive shear stress transducer. The transducer is a 
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biaxial version of the transducer developed by Williams et 0/. (1992) which was described in 
section 2.2.1. The in-shoe transducer accommodates 3 sensors and is shown in Fig.2.1. 
Fig.2.1: The magneto-resistive in-shoe shear stress tnmsducer developed by Ho ein and Lord (2000). 
A uni-axial shear stress sensor was developed by Lebar et 01 . (1996). The transducer consists 
of an upper and lower bronze component, each measuring 15mm in diameter and 3.8mm in 
thickness . The lower component accommodates the electro-optical circuitry, which is a LED 
and a photodiode. A central groove limits the movement of the upper component to that of 
unilateral translation . The upper component has a wedge-shaped protrusion in the centre . 
Two compartments on the lower component contain 2 spring plates, which provide the 
restoring force as shear stress is applied. When subjected to shear stress, the wedge either 
increased or decreased the amount of light passing from the LED to the photodiode. Static 
calibration of the sensor to a shear force of 22.3N applied along the groove in both 
directions, gave mean non-linearity and hysteresis of 6.6% and 11 .1 % respectively. Crosstalk 
to shear perpendicular to the groove was measured as I % of full-scale . Clinical results from 
measurement of in-shoe shear stresses at four locations were also reported . A major 
disadvantage of the sensor is that the shoe has to be removed and the sensor rotated by 90° in 
order to measure longitudinal and transverse shear stress . Furthermore, the responsivity of 
the sensor to shear depends strongly on the direction of shear stress (-21 mY IN at reverse 
shear, and 14mV/N for forward shear) . 
A biaxial in-shoe shear force transducer has also been developed by Akhlaghi and Pepper 
(l996) . Four IOxIOx3 .6 mm piezoelectric shear stress sensors are fitted per shoe insole, 
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enabling the measurement of the two components of shear stress to be recorded in both feet 
simultaneously, Fig.2.2. The connection of the sensors to the ankle-mounted charge 
amplifier unit was done by two 1 mm diameter coax.ial cables per sensor. Static calibration of 
the sensors was done for shear force ON to 200N. The linearity and resolution of the system 
was measured to be 2% and 1 N respectively . 
Fig.2.2: Biaxial in-shoe shear stress trdnsducer developed by Aklllaghi and Pepper (1996). 
2.3 Transducer specifications 
The transducer specifications, which are presented in this section, are based on the results 
from previous studies of in-shoe shear and vertical stress measurements, using the devices 
mentioned in section 2.2.2.2. 
Spatial resolution 
Spatial resolution of a discrete-sensor transducer is determined by the sensor dimensions and 
the distance between adjacent sensors. High spatial resolution requires small sized sensors. 
Furthermore, a large sensor area underestimates the local peak stresses, due to averaging of 
the stress applied on the sensor (Hosein, 1996, pg.64). A small sensor size is therefore 
required. Lord (1993) concluded that, maximum peak pressures could be measured 
accurately if the sensing element had an area of O. lmm x 0.1 mm. At present there is no 
system with such a high resolution . 
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In this thesis, the principle of operation of a new sensor will be evaluated by 
considering a IOmm diameter metallic sensor (chapter 4), and a 10mrnxlOmm square 
elastomer sensor (chapters 5,6). This size is similar to the recent in-shoe transducer 
dimensions, for example the 10mm-diameter sensor by Laing et al. (1992), and the 10mm 
square sensor by Akhlaghi and Pepper (1996). The sensor thickness was chosen to be 3mm, 
which allows its fitting in a 4-mm insole (Hosein, 1996, pg.139). 
Dynamic range 
The different sensor sizes, as well as the clinical trials in a wide variety of subjects, show 
significant variation of the maximum in-shoe vertical and shear stresses measured by 
different researchers. Based on the recent results of Hosein and Lord (2000), and Lord and 
Hosein (2000), for studies on normal subjects and diabetic patients using the magneto-
resistive biaxial shear stress transducer developed by Williams et al. (1992), the overall 
maximum shear stress is expected to be 130kPa. The maximum vertical stress was measured 
using the F-Scan system (section 2.2.2.2), and was found to be 370kPa. For safety, our 
sensors will be designed to withstand and measure shear stress up to 250kPa, and up to 
SOOkPa vertical stress respectively. 
Resolution 
The device should be able to distinguish increments of 5kPa or less in both vertical and shear 
stress modes (Hosein, 1996,pg.64). 
Frequency response 
The highest frequency component during walking is expected to be approximately 75Hz 
(Simon et al. 1981). In accordance to the Nyquist sampling theory, the sampling rate of the 
readout system should be at least twice, ie. 150Hz. In practice the sampling rate required 
usually is three to ten times higher than the maximum frequency under investigation. The 
required scanning speed of the FBG readout system in our system was chosen to be 300Hz. 
Number of sensors 
The largest number of sensors is found in the in-shoe transducers developed by Laing et al. 
(1992), and Aghlaghi and Pepper (1996), where both systems are able to acquire data from 4 
sensors per shoe. Previous studies (Hosein, 1996, Lord and Hosein, 2000), shows that 
maximum stresses occur below the heel, the 5 metatarsal heads, and the hallux. The sensor 
dimensions, and the FBG readout system, which will be designe~ and proposed in this thesis 
(section 7.4), will enable the placement and acquisition of 18 sensors (9 per shoe insole), and 
the simultaneous measurement of shear and vertical stress. 
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Other features 
Non-toxic, hypo-allergenic sensor materials and insole layer 
Easy and quick setup and calibration procedures 
Reasonable cost. Table 2.2 gives approximate prices of some commercially available 
systems, valid on the date of publication. 
Company name Product Cost 
TekScan 'F-Scan' in-shoe pressure system £15000 
Kistler Instruments (UK) Force platforms £9200-23000 
Ltd. 'Parotec' in-shoe pressure system £9700-11100 
Preston Communications 'Mustgrave footprint', single I £15000 1£22000 
Ltdl . double force platform, utilising 
FSR technology 
NovelGmbh EMED in-shoe system and £7000-£20000 
pressure platforms 
Table 2.2: Comparable costs of commercial systems for measuring force and pressure beneath the foot 
(Booth et a/., 1998). 
2.4 Problems encountered in the existing systems 
The hypothesis that shear stresses applied on the soft tissue as a result of wearing prosthetics 
and shoes are significant in the development of tissue ulcers, has been established for more 
than 20 years ago (Bennett et aI., 1979). Since then, many researchers have being working 
on the development of reliable devices for measuring those stresses and to provide clinical 
evidence to support this hypothesis (Cobb and Claremont, 1995). Clinical evaluation of those 
devices which were briefly presented in the previous sections, showed practical problems 
and limitations. Common drawback of the previous methods is the necessity of electronic 
devices to be carried by the patient during testing for filtering, amplification, and storage of 
the signals received by the sensors in order to improve the signal-to-noise ratio. For the case 
of in-shoe measurements, which is the main application of interest in this study, those 
circuits have to be placed as close to the in-shoe layer as possible in order to reduce the 
electrical resistance and noise-collecting ability of the wires that connect the sensors with the 
readout system. Ankle-mounted or waist-belted are the two configurations used for the 
attachment of the devices to the subject, which, combined with the relatively thick cables, 
are likely to cause discomfort and obstruct the normal gait of the subject. 
1 Preston Communications Ltd, New Cross, Dinbren Road, Llangollen, Clwyd LL20 9TF, UK. 
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Both the complexity of the readout system, and also the size of the body-mounted 
devices and cables increase when a large number of sensors have to be used for distributed 
sensing of in-shoe stresses. Up to date, the piezoelectic device for biaxial shear stress 
measurement developed by Akhlaghi and Pepper, utilises the largest number of sensors (8 
sensors, 4 per foot) (Akhlaghi and Pepper, 1996). The size of the sensors is sufficiently small 
to allow a larger number of sensors per foot insole. Such application has been reported by 
Nevill et al., who fitted 8 sensors per foot (Nevill et al., 1995). In that case, however, vertical 
only stress was measured, which reduces the required number of charge amplifiers to one per 
sensor, instead of two for biaxial stress sensing. 
Distributed in-shoe shear stress sensing can therefore be achieved only if the size of the 
sensing elements is small, and the readout system is capable of interrogating many sensors 
without disturbing the measurement with its size or weight. The relatively large diameter 
(16mm) of the triaxial transducer developed by Williams et al. does not allow the 
simultaneous shear stress measurement of the five metatars,al heads (Williams et al., 1992) 
since there is not enough space between adjacent sensors to accommodate the insole 
mounting shown in Fig.2.1 (Hosein, 1996, pg.143). The same restriction applies to the 
optoelectric sensor developed by Lebar et al. (1996). The magneto-resistive sensor by Laing 
et al., is only 10mm in diameter, however uni-directional shear stress measurement was only 
reported (Laing et al., 1992), 
A source of error, which was measured to be particularly important in the piezoelectric-
based transducers, is the susceptibility to electromagnetic interference (Cobb and Claremont, 
1995). 
In order to overcome these various difficulties and to achieve the demands of high sensitivity 
and small size, a new approach of transduction using fibre Bragg grating sensors is proposed 
in this thesis. The use of fibre Bragg gratings has a number of potential advantages, which 
will be presented after reviewing the recent methods for point sensing using optical fibres. 
2.5 Selection of the optical fibre sensor for the in-shoe transducer 
A brief review of the existing optical fibre sensors for axial strain measurement will be given 
in this section. The sensors are mainly examined in terms of their applicability for the 
implementation of the shear stress transducer, rather than comparing their specifications as 
strain sensors. Specifications regarding the strain and temperature sensitivity and dynamic 
range can be found in the relevant references. 
The wide variety of optical fibre techniques, the sensor types, and their applications, have 
been extensively reviewed in the textbooks of Culshaw and Dakin (1989), Grattan and 
Meggitt (1995), and Grattan and Meggitt (1998), and recently in the review paper by Grattan 
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and Sun (2000). Generally, optical fibre sensors are divided in two categories: extrinsic and 
intrinsic fibre sensors. Extrinsic sensors are defined as those in which the light is guided by 
the fibre, but the interaction of the light with the quantity in the measurement takes place 
outside the fibre. Intrinsic optical sensors are those where the sensor action takes place inside 
the fibre itself (Grattan and Ning, 1998). Intrinsic fibre sensors can be further subdivided 
using a basis of whether the sensor is doing single-point measurements, i.e. a specific point 
at a particular location, or it offers distributed sensing, which can be achieved using optical 
time domain reflectometry (OTDR) techniques. A number of sensor techniques have been 
developed for distributing sensing, where a quantity (usually stress or strain) can be 
measured at any point along the length of the fibre. This involves accurate measurement of 
the time-of-flight of short light pulses in the fibre, which are generated by nanosecond pulsed 
lasers. An intermediate category is the quasi-distributed sensor, where a series of point-
sensors are linked together to give measurements at several discrete locations in space 
(Grattan and Ning, 1998, pg.5). 
For this particular application, the stress sensitivity must be confined to inside the body 
of the sensors which will be installed in a shoe insole. It is therefore desired that the fibre is 
insensitive to stress everywhere except in the part of the fibre which is attached to the sensor 
body. Extrinsic sensors are not particularly useful because accurate alignment of external 
optics is required. This is because when the light emerges from the fibre and is then launched 
again into the same or another fibre, optical power loss is significant. This limits the number 
of sensors that could be simultaneously used for a given source, and a given detection system 
sensitivity. The main applications of extrinsic sensors are in measuring displacement and 
angular position, vibration, acceleration, and pressure. The measuring techniques and sensor 
descriptions are given in the textbook by Udd (1991). 
Fully distributed sensing, on the other hand, is not required. The spatial resolution 
limitation of the distributed sensors, as well as the relatively high cost of the short-pulse 
source and the readout system, prevents their use for this particular application. 
It is apparent that, for in-shoe stress measurement, intrinsic fibre sensors must be used, 
and the situation falls into the category of quasi-distributed sensing. Fig.2.3 gives some 
examples of intrinsic sensors which can be used to detect axial strain at a particular length of 
the fibre. The strain is transferred to the fibre directly by either some form of adhesive, or 
embedded in the structure under test (Turner et al., 1990). 
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Fig.2.3: Schematic diagrams off our major intrinsic fibre optic strain sensor types. (a) polarimetric 
sensor, (b) Mach-Zehnder interferometric sensor, (c) localised Michelson interferometric sensor, (d) 
Fabry-Perot interferometric sensor, and (e) fibre Bragg grating sensor. The input is typically a laser 
diode or LED, and the output a photodiode or spectrometer (Turner et 01., 1990). 
In the polarimetric sensor, Fig.2.3(a), linearly polarised light is launched into one of the 
polarisation axes of the "lead-in" Hi-Bi (high birefringence) fibre, and then spliced at the 
"sensing" length of the fibre with a relative 45° rotation of the polarisation eigenaxes 
(Wojtek et al., 1993). Application of axial strain changes the physical length and the 
refractive index of the sensing length, which produces a change of the polarisation state of 
the reflected light, which results in change of the light intensity arriving at the detector. 
Disadvantages of the sensor are the requirement for specialised fibre and expensive fibre 
components (fibre polariser), and the relatively low sensitivity to strain compared to the 
interferometric and grating sensors (Turner et al., 1990). Precision fibre splicing at 45° 
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between the lead-in and the sensing fibre is also required, which complicates the sensor 
preparation. 
The localised Mach-Zehnder and Michelson interferometers are shown in Fig.2.3(b) and 
Fig.2.3(c) respectively. Axial stress applied on the sensing arm modulates the optical path 
length. of the. sensing arm, and hence the optical path difference of the interferometer. This 
results in sinusoidal modulation of the intensity of light in the output (Jones and McBride, 
1998). The stress is calculated by measuring the intensity change, or the number of fringes 
(complete circles of the intensity). Disadvantages of those two configurations are i) the need 
for two fibres per sensor, ii) the difficulty to localise sensing. Localisation in case of the 
Mach-Zehnder interferometer requires the reference arm to be isolated from strain. In case of 
the Michelson interferometer the two arms must be carefully adhered to each other to avoid 
noise due to non-common path lengths of the lead fibres (Turner et al., 1990). 
The interferometric sensors described above are mainly rejected due to the need of two 
fibres per sensor. This would significantly increase the complexity of the sensor fabrication. 
In particular, the implementation of the in-shoe transducer seems to be impossible with the 
Mach-Zehnder configuration. It is quite difficult, or even impossible, to isolate the reference 
arm from vibrations during walking. The same applies to the localised Michelson sensor. 
Even though the pair of "lead-in" fibres are adhered to each other for close matching of the 
lead lengths, it could still result in significant noise due to non-common path length in the 
leads (Turner et al., 1990). 
Another interferometric sensor is the in-fibre Fabry-Perot (eta Ion) sensor shown in 
Fig.2.3(d). The intensity of light arriving at the detector, as the result of multiple reflections 
inside the cavity, is related with the cavity length (the distance between the two mirrors). 
Application of axial stress changes the cavity length, which can be calculated by measuring 
the change in the intensity of the reflected light. The Fabry-Perot resonator is described in 
the textbook by Silfvast (Silfvast, 1996, pp.300-308). Advantages of this sensor are the small 
physical length, and the single-fibre connection to the readout system. The embedded mirror 
required for the construction of the in-fibre etalon is made by chemical deposition of 
reflective material (TiOz) on the cleaved ends of the fibre prior to fusion splicing (Lee and 
Taylor, 1988). This technique provides ease of fabrication, but reduces the mechanical 
strength of the fibre. Sirkis et al. (1995) have demonstrated the fabrication of in-fibre etalon 
by splicing a short segn:tent of silica hollow-core fibre between two sections of single-mode 
fibre to form a mechaniCally robust strain sensor. The fabrication procedure, however, 
requires high precision cleaving and splicing equipment, and careful control of the splicing 
procedure. 
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Fig.2.4: Multiplexing of interferometric fibre sensors. (a) Serially multiplexed in reflective 
configuration. (b) Transmissive ladder configuration (Jones and McBride, 1998, pp.136-137) 
Fig.2.4 shows two frequently used configurations for quasi-distributed sensing using 
interferometric fibre sensors. Reflective sensors can be connected in series as shown in 
Fig.2.4(a). The stress information from each sensor can be obtained using Optical Time 
Domain Reflectometry (OTDR) (Zimmermann et al., 1989). In this method, short laser 
pulses (on the order of lOOps or less) are launched in the sensor array, and each sensor is 
identified by the time taken for light to travel from the source to the sensor, and back to the 
detector. The spatial resolution is limited by the pulse duration, which is often of the order 
metres (Jones and McBride, 1998, pg.l41). This means that, the in-fibre strain elements 
fitted in the insole would have to be separated by metres of fibre which would also have to 
be installed inside the insole. This would increase the overall length of the fibre, increasing 
the optical power losses and the complexity of implementing the insole. Assuming that the 
strain elements in series are in-fibre Fabry-Perot etalon, then partial reflection of the light 
passing the mirrors will result in attenuation of the power arriving at the detector, and in 
different signal-to-noise ratio between the sensors, depending on the distance of a particular 
sensor from the coupler. In that case, the available power and the noise characteristics of the 
laser and the detector would limit the number of sensors in a series configuration (Sakai, 
1986). 
As mentioned earlier, the information of each sensor is allocated to a certain time slot. 
Because of multiple reflections, however, pulses reflected at mirrors other than the two 
mirrors constituting the sensor subject to measurement, might arrive simultaneously at the 
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detector within this particular slot (Wosinski et al., 1992). This kind of crosstalk is a limiting 
factor of the spatial resolution which can be achieved with interferometric sensors in series 
configuration. 
Fig.2.4(b) is an example of ladder configuration of transmissive sensors. Because the 
light passes through the same number of couplers, this configuration gives the advantage of 
providing equal power to every sensor (Jones and McBride, 1998, pg.l37). A readout system 
for interferometric sensors based on Frequency Division Multiplexing (FDM) using a 
frequency-modulated laser source, was used by Sakai (1986) in order to compare the series 
and parallel configurations for different number of sensors, in terms of crosstalk and signal-
to-noise ratio. He concluded that parallel configuration should be chosen when 10 sensors or 
more have to be interrogated using the FDM technique. It is apparent, however, that in this 
particular application a large number of couplers would be required (108 couplers for 9 
sensors per shoe, 3 fibre strain sensors per stress sensor), and equal number of fibres coming 
out of the shoes. The cost and the complexity of the transducer would therefore be 
significant. 
The fibre Bragg grating strain sensor is shown in Fig.2.3(e). Axial strain produces shift of 
the reflected Bragg wavelength. This sensor was selected as the most appropriate strain 
sensing element for the implementation of the shear stress transducer. The potential 
advantages of the Bragg gratings will be presented in the next section. The principle of 
operation of the fibre Bragg grating strain sensor and a brief review of the fabrication 
techniques will be discussed in section 2.7. 
2.6 Potential advantages of fibre Bragg gratings for in-shoe 
measurements 
In the particular application presented in this thesis, the use of discrete fibre Bragg gratings 
(FBG) appear to offer considerable potential. The system has a number of potential 
advantages, which are listed below. 
• Easy interrogation of multiple sensors. A large number of Fibre Bragg Gratings (FBG), 
which are the strain sensing elements used in a way similar to electric strain gauges, can 
be interrogated from the same optoelectronic readout system using multiplexing 
techniques like Time Division Multiplexing (TDM), andlor Wavelength Division 
Multiplexing (WDM). Generally, the same readout system is required for reading one or 
more FBG sensors. The modifications required of the readout system for multiple FBG 
reading concern issues of source and detector bandwidth,: source optical power, and the 
required strain resolution and acquisition speed (number of samples per second per 
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FBG). These issues will be considered for different readout system methods in section 
2.8. 
• Small size of the stress sensor. The small size of the FBG strain sensor, which has a 
diameter equal to the fibre diameter (80Jlm to 125Jlm), and a length as small as Imm, 
promises small overall dimensions ofan in-shoe stress sensor. 
• Thin, flexible, and lightweight connection cables. The FBGs can be photo-inscribed at 
different locations along the fibre length, in a single optical fibre. This property gives the 
potential advantage of using on~y one fibre per shoe insole, which connects the FBGs 
fitted inside the sensor structure in series. This fibre is used to carry the light from the 
source to the in-shoe sensors, and the reflected light from the FBGs back to the readout 
system. A single, Imm thick optical fibre cable, can be the only link between the insole 
and the readout system. 
• Minimal weight carried by the patient. The readout system can be used to remotely 
acquire the data via an optical cable link. No other devices except of the in-shoe 
transducer need to be carried by the patient. 
• Simultaneous measurement of shear and vertical stress can be measured by proper fitting 
and orientation ofa number ofFBGs in an elastically deforming structure. The elastomer 
sensor which will be presented in chapters 5 and 6, is a triaxial stress sensor. 
• Insensitivity to electromagnetic noise. Fibre-optic strain sensors are insensitive to 
electromagnetic interference (Turner et al., 1990). 
• No electrical conductivity. An all-optical in-shoe transducer eliminates electric shock 
hazard to the subject. 
• A potentially long life of the in-shoe sensor is expected. Because the degradation of the 
FBG in time is very slow, the life of the sensor is expected to be mainly determined by 
the lifetime of the sensor structure, rather than the grating lifetime. The predicted 
reduction of the reflectivity of a Bragg grating written in a Ge-doped fibre operated at 
80°C for 25 years is only 8% with respect to its initial value (Othonos and Kali, 1999). 
• Low fabrication cost. The fabrication of FBGs requires expensive UV laser equipment. 
However, the extensive use of FBGs in telecommunications has drastically reduced the 
price of the FBGs, which can be customised to the required specifications. This only 
applies to large volume orders. 
2.7 Fibre Bragg Grating (FBG) 
The formation of FBGs in photosensitive fibres will be presented in section 2.7.1; The 
reflection properties of a uniform FBG will be presented in section 2.7.2. The most 
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frequently used fabrication techniques will be presented in section 2.7.3. The response of the 
FBG to strain and temperature variation will be explained in section 2.7.4. 
2.7.1 Photosensitivity and grating formation 
The development of the fibre Bragg grating came after the discovery of photosensitivity in 
optical fibres. Photosensitivity refers to a permanent change in the refractive index of the 
core of a fibre when exposed to light with a particular wavelength and intensity (Othonos 
and Kalli, 1999, pg.9). Initially, photosensitivity was thought to occur only in germanium-
doped fibres, due to the presence of oxygen-deficient germania defects (Kashyap, 1994). 
However, with the demonstration of photosensitivity in most types offibre, it is apparent that 
photosensitivity is the result ofa various mechanisms: photochemical, photomechanical, and 
thermochemical (Othonos and Kalli, 1999, pg.lO). Photosensitivity was first demonstrated in 
1978 by Hill et al. They showed that an intensity-dependent refractive index change 
occurred in the core of the optical fibre by two counter-propagating visible laser beams (Hill 
et al., 1978). This was the first method for writing Bragg gratings in fibres and is called the 
"internal method". It was later shown that even stronger effects occurred if the core was 
exposed to ultraviolet radiation (Meltz et 01., 1989) close to the absorption peak of germania-
related defect (Bures et 01., 1982; Hand and Russell, 1990;) at a wavelength of 242nm 
(Yuen, 1982). High absorption prevented the use of counter-propagating waves in the 
ultraviolet band. Therefore, the production of gratings in the UV region was only possible by 
externally interfering two UV beams at the fibre (Meltz et 01., 1989), as shown in Fig.2.5. 
The regions of high intensity cause an increase in the local refractive index of the 
photosensitive core, while the dark regions remain unaffected. At each interface between two 
regions of differing index, a small reflection occurs. The amplitude of the resultant reflected 
wave can be large, and is determined by the superposition of all the individual weak 
reflections (Handerek, 1998, pg.338). The resultant wave has a maximum amplitude when 
all of these components are in phase. In this condition, the separation A between each 
adjacent pair of reflectors, which is equal to the period of the interference pattern must be 
equal to half an optical wavelength. Hence, the strongest reflection occurs at the Bragg 
wavelength AD given by (Hill and Meltz, 1997): 
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(2.1) 
where noff is the effective refractive index of the fibre at that wavelength. 
Fig.2.S: Photoinduced Bragg grating formation in the core of a gerrnania-doped silica optical fibre. 
The required UV light for the fabrication of FBGs can be produced by various sources 
including KrF excimer lasers (Zhang et al., 1994), dye lasers (Meltz et al., 1989), and 
frequency doubled argon-ion lasers (Kashyap et al., 1993). Index changes are generally on 
the order of 10-3 or less, although in fibres with enhanced photosensitive response (hydrogen-
loaded fibre), index shifts greater than 10-2 have been reported (Lemaire et al., 1993). 
2.7.2 Reflection properties of uniform Bragg gratings 
The simplest form of a fibre Bragg grating consists of a periodic perturbation of the 
refractive index in the core with a constant amplitude and period, named uniform Bragg 
grating (Othonos and Kalli, 1999, pg.96). The reflectivity is given by (Othonos and Kalli, 
1999, pg.97): 
(2.2) 
where f is the grating length, and A. is the wavelength. The coefficient n is given by: 
(2.3) 
where 6n is the amplitude of the induced refractive index perturbation (typical values 10"' to 
10"3), and V is the normalised frequency of the fibre, given by (Othonos and Kalli, 1999, 
pg.96): 
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(21t) (2 2 \1/2 V = ~ a~co -net) (2.4) 
where a is the core radius and 0.:0, nel are the refractive index of the core and cladding 
respectively. Eq.(2.2) shows that the reflectivity increases as the induced index modulation 
increases, and as the length of the grating increases. 
An approximate value of the full-width half-maximum (FWHM) bandwidth of the 
grating is given by (Othonos and Kalli, 1999, pg.97): 
M=AB' (2~r +(~r (2.5) 
where no is the average refractive index of the grating, and N is the number of the grating 
planes!. The parameter s is equal to -1 for strong gratings (reflectivity -100%), whereas s is 
equal to -0.5 for weak gratings. The grating bandwidth is typically equal to -0.05 to 0.3nm 
in most sensor applications (Kersey et al., 1997). 
2.7.3 Fabrication of Bragg gratings 
The most common methods for fabricating FBGs are briefly discussed in this section. 
Advantages and disadvantages of each method are also given. 
Traditional interferometer 
The interferometer of the type used by Meltz et at. in their external writing technique is 
shown in Fig.2.6 (Meltz et al., 1989). A beam splitter is used to produce two beams which 
can be interfered at the fibre by the use of two beam steering mirrors. This arrangement 
allows the angle of the beams to be varied so that the period of the interference pattern at the 
fibre can be altered. Cylindrical lenses are used to produce a stripe focus at the fibre. 
1 each interface between regions of different refractive index is named grating plane (Othonos and 
Kalli, 1999, pg.9S). 
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Fig.2.6: Traditional mirror interferometer used for external writing of gratings (Meltz et ai., 1989). 
The advantage of this method is the ability to change the Bragg wavelength by altering 
the mutual angle 9 which changes the grating period, given by the following equation 
(Kashyap, 1994): 
(2.6) 
where Auv is the wavelength of the UV writing beam, and nuv is the refractive index of the 
core for the UV wavelength. 
The optical devices required for this technique (beam splitter, mirrors, le~ses) are 
relatively cheap and this makes the method attractive. However, this method cannot be used 
where writing times are to be long. Since there are several mirrors which can transmit 
vibration, differential path length changes can smear out the grating over the grating writing 
period. Interferometric method is still used for writing gratings using a single UV pulse 
(Askins et ai., 1992; Archambault et ai., 1993). 
Right-angle prism 
An alternative to the interferometric method is shown in Fig.2.7 (Kashyap et ai., 1990). 
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Fig.2.7: Prism Interferometer for writing gratings in optical fibres (Kashyap et 01., 1990). 
The ultraviolet beam is directed through the hypotenuse face of a right-angle prism toward 
the apex in such a way that only half the beam is incident at the back face. The other half 
undergoes a reflection from the side face. The reflected half of the beam is directed toward 
the back face of the prism where it can interfere with the rest of the beam. The fibre is placed 
at the back face. A single cylindrical lens is used to bring the beam to a line focus at the 
fibre. 
The interferometer is intrinsically stable since the path difference is generated within 
the prism and remains unaffected by vibrations. Careful angular alignment of the 
interferometer, however, is required for the selection of reflection wavelength. 
The phase mask technique 
The two techniques described above are not ideally suited to writing gratings for a precise 
wavelength, since the angles of the interfering beams are difficult to set up. A simpler 
technique shown in Fig.2.S is based on the replication of a relief grating formed as a phase 
mask in UV transmitting silica (Kashyap et al., 1993). A phase grating is fabricated by 
exposing the silica mask plate to e-beams, followed by dry plasma etching. A UV beam is 
diffracted by the mask into -1,0, and +1 orders. It is not essential to block the O-order beam 
while writing, since the intensity in the 0 order is usually very low «5%). The -1 and +1 
orders interfere at the fibre core. 
The grating wavelength is given by (Hill et al., 1993): 
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This interferometer is highly stable, is insensitive to beam translation, and is extremely 
compact. It has simplified grating production by relaxing both the temporal and spatial 
coherence requirements of the laser source. High reflectivity Bragg gratings can be produced 
by long time exposure of the fibre. 
The main disadvantage of the phase mask is that it can only produce gratings of a 
specific wavelength. Fabrication of different wavelengths requires different masks. Limited 
tuning of the Bragg wavelength has been demonstrated by pre-straining the fibre before the 
exposure (Zhang et al., '1994), by magnifying the phase mask periodicity (prohaska et al., 
1993), or by tilting the fibre with respect to the phase mask (Othonos and Lee, 1995). 












fringe p attem 
Fig.2.8: Fibre Bragg grating fabrication based on the phase mask exposure (Kasbyap et al., 1993). 
The phase mask interferometer 
A tunable phase mask interferometer is shown in Fig.2.9. A phase mask is placed normally 
to the path of a UV beam to act as a beam splitter, and the ±1 orders are reflected by two 
mirrors to intercept at the fibre. The mirrors are rotatable so that the angle e can be changed. 
This system provides tunability of the Bragg wavelength by 25Onm. Repeatability of Inm 
has been demonstrated by simple adjustment of the mirror angle (Kashyap, 1998). 
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The FBGs which were used throughout this study were fabricated at BT Labs using the 
phase-mask interferometer1• The UV source was an intracavity frequency-doubled, argon-ion 
laser. 488nm wavelength radiation was doubled to generate 244nm UV emission (Kashyap, 
1999, pg.105). The gratings were written in a single-mode, 125J.Ull diameter, Ge-doped fibre, 
after removing the acrylic coating. The fibres were exposed to the -5mm long interference 
pattern, for a time period between 4 and 10min. The UV power was -IIOmW (CW). The 









Fig.2.9: The phase-mask used as a beam splitter in an interferometer for inscription of fibre gratings 
(Kashyap, 1999, pg.63). 
2.7.4 Fibre Bragg grating strain sensor 
The basic principle of operation commonly used in a FBG-based sensor system is to monitor 
the shift in wavelength of the reflected "Bragg" signal with the changes in the rneasurand 
(e.g. strain, temperature). The Bragg condition is given by eq.(2.1). 
Application of axial strain on the fibre, and/or temperature change, will result in 
wavelength shift of the Bragg wavelength. The fractional change in the Bragg wavelength 
when the temperature of the grating is raised by 6 T and when it also experiences an axial 
strain E is given by (Kanellopoulos et al., 1995): 
I The FBGs were kindly fabricated by Dr. Raman Kashyap at BT laboratories, Martlesham Heath. 
Ipswich, IPS 3RE, UK. 
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6An =(.!. ih +_1_0An)6T+(.!.. ih +_1_0An)s 
An n or An or n OF; AB OF; 
(2.8) 
where n is the effective refractive index of the fibre core for the particular wavelength AB. 
The second tenn in eq.(2.8) represents the strain effect on an optical fibre. This corresponds 
to a change in the grating period and the strain-optic induced change in the refractive index. 
The coefficients for 6T and t above have been measured experimentally for a Bragg 
wavelength of 837.3nm (Kanellopoulos et 01., 1995): 
6AB = 8.8 x 10-6 6T +0.8x 10-6s 
An 
(2.9) 
where L\T is measured in degrees Celsius and tin microstrain. If for example we consider a 
wavelength shift of Inm, this will correspond to E-1500~, or 6T==135°C. Eq.(2.9) describes 
a linear shift of Bragg wavelength with strain or temperature variation. 
A significant limitation of FBG sensors is their dual sensitivity to strain and 
temperature. This creates a problem for sensor systems designed to monitor strain, as 
temperature variations along the fibre path can lead to false strain readings. For example, the 
wavelength shift caused by a change in temperature by 1°C for a grating with AB=80Onm will 
produce an error in the estimated strain of -10~. Temperature compensation is usually 
necessary to keep the accuracy into the acceptable limits. 
In case of the in-shoe transducer, a possible solution could be the use of reference 
gratings embedded into the shoe insole, isolated from strain. Wavelength shift in that case 
would be caused by temperature variation only. 
Error due to temperature is expected to be small in the case of in-shoe measurements, 
due to the relatively short measuring time. An initial calibration of the transducer a few 
minutes after wearing the shoes will probably be enough to take accurate measurements 
without the need for temperature compensation. Because only the individual stress sensing 
elements have been developed during this study, instead of the complete in-shoe transducer, 
the necessity of temperature compensation was not evaluated. 
2.8 Interrogation systems for FBG arrays 
A review on recent interrogation techniques for quasi-distributed sensing using FBGs will be 
presented in this section. The aim of this section is to present those techniques with 
particular reference to their applicability for the implementation of the in-shoe stress 
transducer. It is therefore important to present the required specifications of the readout 
system for this particular application before commenting on the applicability of each method. 
The specifications' of the readout system are related to the desired specifications of the in-
shoe transducer (section 2.3), and they will be presented in section 2.8.1. The review 
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concerns interrogation systems using tunable bandpass filters (section 2.8.2), tunable laser 
sources (section 2.8.3), as well as interferometric techniques (section 2.8.4). 
2.8.1 Readout system requirements 
The readout system is responsible for the collection of the reflected signal from the Bragg 
gratings fitted in the shoe insole. Assuming 18 triaxial stress sensors (9 sensors per shoe), 
each one requiring 3 FBGs, the system must be able to read 54 FBGs simultaneously. The 
scanning speed for each grating must be at least equal to 300Hz. The desired dynamic range 
is OkPa to 500kPa for vertical stress, -250kPa to +250kPa at any direction of shear stress, 
with a resolution equal to 5kPa. The required dynamic range / resolution ratio is therefore 
100:1. Very important factors in choosing the interrogation system will also be the cost and 
the complexity. The use of expensive optoelectronic components and devices should also be 
avoided in order to keep the overall cost of the transducer as close as possible to the cost of 
other commercial devices (fable 2.2). It is important that the connection of the FBGs with 
the readout system will occupy a minimum number of fibres (one fibre per shoe insole 
ideally) and a minimum fibre length. Complicated interconnection schemes will make the 
insole fabrication difficult or even impossible. 
After determining the total number of FBGs, it is possible to examine the topology of 
the FBGs in the array, which depends on the interrogation method. A frequently used 
method is Wavelength Division Multiplexing (WDM) of FBGs corresponding to different 
Bragg wavelengths. Theoretically, in a WDM system, a single fibre could accommodate all 
the FBGs, provided that no overlapping of the reflected spectra occurs. This requires that the 
FBGs are sufficiently separated in wavelength. The minimum wavelength separation can be 
estimated by considering the operating bandwidth of each FBG. The average wavelength 
shift at the 800nm band, for a dynamic range equal to ±2500flE is approximately ±1.5nm. 
Allowing lnm gap between adjacent gratings in order to avoid overlapping, then a 
bandwidth of 4nm per FBG is required. The total bandwidth of the uni-dimensional FBG 
array will be: 
<total number ofFBGs> x <bandwidth per FBG> = 54x4 = 216nm 
The majority of sources (ie. LEDs, tunable lasers), as well as the demultiplexing systems (ie. 
tunable filters, spectrometers) have generally smaller operating bandwidths, as will be seen 
in the next section. It is therefore necessary to divide the FBGs into more than one fibres, 
where the FBGs on different fibres share the same bandwidth. In that case, combination of 
WDM and Time Division Multiplexing (rOM) have to be used for demultiplexing the 
signals from individual FBGs. Examples of ,such systems will be given in sections 2.8.2 to 
2.8.5. 
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Fig.2.10: Possible arrangement of the FBGs inside the shoe insoles. Three groups off?3Gs are 
shearing the source bandwidth: FBG1•1s (fibre 1), FBGI!~.36 (fibres 2 and 3), and FBG37.S4 (fibre 4). 
A possible configuration, which does not significantly increase the complexity or the 
cost of the system, is shown in Fig.2.10, The FBGs are written in 4 fibres. In this 
configuration, we assume that the FBGs are divided in 3 groups of IS FBGs, each group 
receiving the same bandwidth from a broadband source. Since each insole contains only 27 
FBGs, fibres 2 and 3 contain only 9 FBGs each. In order to make maximum use of the 
available bandwidth, the FBGs on those two fibres can be written at different wavelengths 
with respect to each other. Therefore, even though the FBG array consists of 4 fibres, the 
source bandwidth is only used 3 times instead of four, keeping the interrogation system as 
simple as possible. 
The required source bandwidth for the arrangement shown in Fig.2.l 0 is: lSx4 = 12nm. 
An example of a source, which can deliver this bandwidth, is the Superluminescent Light 
emitting Diode (SLD). Semenov et al. (1993) have developed an SLD operating at the 
SOOnm band with a bandwidth equal to 6Snm. Commercial SLDs are now available with 
bandwidth up to 80nm (SUPERLUM1 SLD-371). 
2.8.2 Interrogation using tunable bandpass filters 
A commonly used WDM technique for interrogating FBG sensors is based on the use of 
tunable Fabry-Perot filters. A system based on tunable FP filter is shoWn in Fig.2.ll (Davis 
et al., 1995). Light reflected from an array of FBGs in a series configuration is passed 
through a FP filter which passes one narrowband wavelength component, depending on the 
spac~g between the mirrors in the device. The distance between the mirrors, and hence the 
1 SUPERLUM Ltd, P.O. Box 73, E-538, 111538 Moscow, Russia. 
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bandpass wavelength of the filter, can be tuned by controlling the piezoelectric stacks on 
which the mirrors are mounted. In operation, the light reflected from the grating sensors is 
returned to the FP filter via the coupler. As the filter is tuned, the bandpass scans over the 
return signals from the gratings, and the Bragg wavelengths can be calculated and recorded 
by measuring the filter driving voltage as the return signals are detected. Typical 
characteristics of the filter are a free spectral range of 5Onm, and a bandpass bandwidth of 
0.3nm (Davis et al., 1995). The system is capable of scanning each FBG at 300Hz. Faster FP 
filters are also available with scan rates up to -1kHz (Kersey et al., 1997). The minimum 
resolvable wavelength shift is approximately Ipm, equivalent to a strain resolution of 1~. 
The system has been demonstrated for demultiplexing 16 FBGs on a single fibre, achieving a 
dynamic range equal to 2000f.lZ per sensor. 
The maximum number ofFBGs in the above configuration is limited by the wavelength 
separation of the FBGs, and the scanning range of the FP filter. If the FBGs are separated by 
4nm, then a maximum of only 12 FBGs can be interrogated. 
Davis et al. (1996) have modified their system in order to measure strain in larger FBG 
arrays. The system is schematically illustrated in Fig.2.12. Optical fibre switches are used to 
allow the measurement of strain along five strings of 12 FBGs each. The strings are 
illuminated by an ELED source with central wavelength 1.3 J.U11. The system is capable of 
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Fig.2.11: Scanning readout system using Fabry-Perot filter (Davis e/ 01., 1995). 
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Fig.2.12: Combined WDMffDM interrogation system using Fabry-Perot filter (Davis et al., 1996). 
The application of the interrogation system shown in Fig.2.12 for the in-shoe transducer 
requires a 1x3 optical switch. The FBG array shown in Fig.2.10 is directly connected to the 3 
output ports of the switch. The system satisfies the requirements for the number of sensors 
and the dynamic range/resolution ratio, however it is too slow for dynamic measurements. 
The desired dynamic response (300 scanslFBG) could be achieved by increasing the 
scanning speed of the FP filter to 900Hz. After each scanning cycle, which lasts for 
1/900= 1.11ms, another string has to be connected before the next scan begins. Because the 3 
strings must be scanned at 300Hz, 900 switches/s will be required. The switching time 
should also be minimised to allow sufficient time for the FP filter to scan the entire 
bandwidth. Switching speed of the order of l0f.lS would be required. This speed is still 
beyond the capabilities of most commercial optical switches. 
Another type of tunable bandpass filter used in WDM systems is the Acousto-Optic 
Tunable Filter (AOTF). The operation of an AOTF is based on the diffraction of light 
produced by an acoustic wave travelling through a transparent medium. The acoustic wave, 
which is generated by a piezoelectric element, produces a periodic variation of strain along 
its path, which, in tum, produces periodic variation of the refractive index within the medium 
due to the photoelastic effect. As the light beam passes through the medium and crosses the 
acoustic wave, it is diffracted (Senior, 1992, pg.545). The output of the AOTF is a narrow-
band spectrum (typically 1nm, Xu et al., 1996). The central wavelength of the filter is 
determined by the RF frequency which drives the piezoelectric element, which in tum 
determines the period of the induced grating in the transparent medium. 
The use of Acousto-Optic Tuneable Filter (AOTF) for the interrogation of Bragg 
grating sensors was initially:p~esented by Xu et al. (1993). Experimental results were given 
using only 1 FBG as a strain and temperature sensor. The transmission spectrum of the high-
reflectivity (99%) FBG was passed through the filter. Frequency Shift Keying (FSK) of the 
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RF drive to the AOTF was applied to track the wavelength shifts of the FBG written at 
130Onm. The filter had a tuning range of 1.2-2.5J.U1l and a bandwidth of 4nm. The strain 
resolution of the system was not reported. Xu et al .• (1996) used a similar filter (operating 
range l.2-l.4J.lIll, bandwidth 3.3nm) to measure the wavelength shift from the reflection 
spectrum of a 55% reflectivity FBG written at 130Onm. A resolution of O.4~ for dynamic 
measurements up to 10Hz (lOOms measuring period) was measured. 
Varasi et al. (1996) presented an integrated optical spectrometer using AOTF for the 
interrogation of multiple Bragg gratings on a single fibre. embedded in composite material. 
The system was used in scanning mode. in a way similar to the FP scanning filter shown in 
Fig.2.ll. The ramp voltage in this case was driving a Voltage Controlled Oscillator (VeO). 
which produces the RF acoustic wave for the tuning of the AOTF (operating range 800-
140Onm, resolution O.4nm). Drawback of this configuration is the low strain resolution. 
















Fig.2.13: Block diagram of an FBG interrogation system using AOTF and wavelength tracking 
electronics (Geiger et al., 1995). 
Geiger et al. (1995) demonstrated an electronic lock-in system using AOTF (operating 
range l.2-l.4J.lIll, bandwidth 3.3nm) to track the wavelength of two FBGs (1297nm and 
1311nm). as shown in Fig.2.l3. Tracking the optical wavelength of an input signal is 
obtained by applying a frequency-shift-keyed (FSK) signal to the AOTF. This results in a 
square wave amplitude modulation of the transmitted light, where the peak-to-peak 
modulation is a function of the difference between the grating wavelength and the centre 
wavelength of the AOTF, and its polarity depends on which direction the AOTF and the 
grating are offset in wavelength. The square wave output from the optical receiver is 
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multiplexed by the modulating signal, thereby controlling the central AOTF wavelength to 
track the central wavelength. Once the central wavelength of the AOTF coincides with the 
Bragg wavelength of the grating, the amplitude modulation of the light at the dither 
frequency will be zero. Because the mean frequency drive to the AOTF determines the 
central AOTF wavelength, measuring this frequency can monitor the grating wavelength. 
The strain resolution of this system is 1~. The same tracking system was used by Varasi e/ 
al. (1996), where the tunable filter in that case was the AOTF-based integrated optical 
spectrometer. Static strain resolution equal to 0.1 ~ was reported. 







Fig.2.14: General diagram of the AOTF tracking system for the in-shoe stress transducer. Port 1 of the 
ADC controls the optical switch, port 2 measures the mean frequency of the filter, and port 3 applies 
the bias and dither voltage. 
A possible configuration for the implementation of the readout system for the in-shoe 
transducer, using AOTF in tracking mode, is given in Fig.2.14. The optical switching 
requirements are the same as previously explained for the FP filter configuration. 
Furthermore, the tracking procedure introduces limitations on the minimum tuning speed of 
the AOTF which can be derived from the bias and dither frequencies. The bias voltage is the 
DC term of the voltage waveform generated by the computer, which is responsible for 
selecting a particular FBG from the string. A superimposed square wave ripple is the 
dithering voltage, which is used for the fine tuning of the filter. For 300Hz sampling rate, the 
bias voltage changes at intervals TB=lIfB, where fB is the bias frequency given by: 
fB = sampling rate X number of sensors = 300,04= 16.2kHz 
Assuming 10 periods of the dither voltage in order to detect the Bragg wavelength, the dither 
frequency in our system must operate at: 
fo= bias voltage frequency X 10 periods per sensor = 162kHz 
Hence, TB=lIfB=60JlS, and To=lIfo=6JlS. It is apparent that the tracking system will operate 
properly if only the tuning speed of the AOTF is sufficiently smaller than 6JlS, in order for 
the dither signal to be detected. A narrow-bandwidth (O.2nm) AOTF operated at 155Onm, 
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having a tuning speed equal to 1OJ.1S has been reported (Paek et al., 1998). The wavelength 
resolution of the filter has been enhanced by utilising a diffraction grating in the output of 
the transparent medium. A device operating in the 800nm band, l.5nm wavelength 
resolution, and 15J.1S tuning speed, is commercially available' at the price of £15000. Adding 
the cost of the lx3 optical switch, and the rest of the optoelectronic equipment, it is expected 
that the total cost of the transducer will exceed the cost of other commercial devices (fable 
2.2). 
2.8.3 Interrogation using tunable laser sources 
In the previous techniques, the FBG array was illuminated by a broadband source (ELED or 
SLD), and the absolute Bragg wavelength was measured by scanning the wavelength band 
with a narrow-band bandpass filter. A single detector connected at the filter output 
determines the peak intensity corresponding to the Bragg wavelength, which is equal to the 
central wavelength of the filter. The tunable filter methods offer high resolution at static 
strain measurements, or at low frequencies. The wavelength resolution, however, is sensitive 
to the signal-to-noise ratio of the optical power arriving at the detector. The signal-to-noise 
ratio is often low, due to the relatively low power density characteristics of the broadband 
sources, and the narrow band reflection of the gratings (Ball et al., 1994). For high frequency 
dynamical measurements the scanning frequency has to be increased. This results in 
reduction of the amount of optical energy arriving at the detector per sampling period, 
therefore in further reduction of the signal-to-noise ratio, which in tum reduces the 
wavelength resolution of the detection system (Kersey et al., 1997). 
The optical throughput power penalty of a scanned filter can be avoided using a 
narrow-linewidth, wavelength tunable laser source. Ball et al. (1994) demonstrated the use of 
a wavelength-tunable erbium fibre laser for the interrogation of multiple FBG temperature 
sensors written on a single fibre. The laser utilises two FBGs written on an erbium-doped 
fibre to form a 2cm laser cavity. The fibre laser was mounted on a piezo-translator. The 
wavelength tuning is achieved by driving the piezo-translator with a saw tooth waveform. 
This fibre laser delivers 2mW, and the tunable wavelength range is 1552.2nm to 1554.5nm. 
Three FBG sensors were used for the demonstration of the system. High wavelength 
resolution, equal to 2.3pm was measured. The limited tuning range of the laser, however, 
prevents the use of the laser with large FBG arrays. 
Yun et al. (1998) developed a WDM-based FBG array interrogation system using a 
wavelength swept fibre laser (WSFL), Fig.2.l5. The WSFL has a scanning Fabry-Perot filter 
in the cavity to sweep the laser output wavelength continuously and repeatedly over a range. 
1 Model N48046-2-O.80-FOPM, N64020-200-1ASDFS synthcsiser driver, Nn015 PC card and 
software, supplied by ELLIOT SCIENTIFIC Ltd, Gladstone Place, 36-38 Upper Marlborough Rd, St. 
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of 28nm (1538nm to 1566nm). The average output power was 3.3mW, and the linewidth 
<O.lnm. The wavelength of each sensing grating is calculated by measuring the time interval 
between the detection of the reflection peak from the reference grating and that of a sensing 
grating. Static and dynamic strain measurements with a resolution of 0.47~ (rms) at a 






Time interval counter 
Fig.2.lS: FBG array interrogation system using a wavelength-swept fibre laser (Yun et al., 1998). 
The main disadvantage of the tunable laser interrogation techniques mentioned above is the 
relatively low tuning bandwidth, which limits the length of the FBG array. The required 
wavelength separation of the FBGs at the ISOOnm band, which is the operating wavelength 
band of the WSFL, is -7nm. This is obtained by eq.(2.S) for ~s::±2500~, plus Inm to avoid 
overlapping. Hence, up to 4 FBGs only can be interrogated. The complexity and cost of 
fabricating the fibre laser is another disadvantage. 
Koo et al. (1999) have proposed a dense wavelength division multiplexing (DWDM) 
scheme using Code Division Multiplexing (CDM), capable of potentially multiplexing over 
100 FBGs in a single serial sensor array using a 4Onm-bandwidth source. The CDM 
technique allows a large reduction of the wavelength separation between Bragg grating 
sensors down to the FBG bandwidth (0.3run). The operation of the system was demonstrated 
for two FBGs (0.3nm bandwidth, 60% reflectivity), written at close wavelengths (1535.2nm 
and 1535.5nm), which were connected in series with a 100m delay fibre length between 
them. A tunable laser was intensity modulated in an on-off fashion by an electro-optic switch 
driven by an electronic pseudorandom bit sequence (pRBS) generator. The reflected signals 
from the FBGs were multiplied by a time-shifted PRBS. By choosing a proper time delay in 
the reference channel, taking the difference of the mixer output, and extracting the envelope 
Albans, Herts, ALl 3US, UK. 
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information from the pulse code modulated signal, the output from a particular FBG is 
selected. The strain information is derived by the wavelength scanning of the tunable laser 
source. Dynamic range 0 to 500J.lE, with the resolution to be in the microstrain range was 
reported. 
The dynamic range I resolution, and the proposed size of the FBG array, are both 
acceptable for the implementation of the in-shoe transducer. No information, however, is 
given on the capability of the system for dynamical measurements. Furthermore, the 
requirement for a length of delay fibre between the FBGs would make it very difficult to fit 











Fig. 2. 16: FBG Interrogation system using WDM and COM (Koo et al., 1999). 
Ferreira et al. (1998) demonstrated an FBG interrogation system using a frequency-
modulated multimode laser diode, which illumhtates a FBG. The reflected light from the 
grating generates a carrier signal as the result of the overlapping between the FBG reflection 
spectrum, and one of the frequency-modulated laser modes. The change in Bragg 
wavelength is measured by tracking the phase of the carrier at the detector output. 
Dynamical strain measurement at 200Hz was performed. Strain resolution of 2PE/~ and 
dynamic range up to 60dB was obtained. The multiplexing capability of this technique was 
demonstrated for two FBGs illuminated by two multimode diodes modulated at different 
frequencies. Provided that there is no overlap between the diode wavelengths and the 
gratings, two different carriers are detected. Advantages of the system are the high dynamic 
range and the low cost of the laser diode, compared to the tunable fibre lasers. 
Demultiplexing scheme for a large FBG array has not been demonstrated. 
An intensity based scheme for interrogation of FBG sensors using a pulsed laser diode 
as the system optical source was demonstrated by Wilson et al. (1997). Two modes of a 
single laser diode are used as a dual-wavelength source for grating illumination. The FBG is 
written such that the Bragg wavelength lies between the two illuminating wavelengths. 
Strain applied on the FBG results in modulation of the intensity of the reflected dual-
wavelength components. The algorithm provides a self-referencing mechanism to 
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compensate for intensity perturbations. Interrogation of multiple FBGs is achieved by 
pulsing the laser output and applying TOM. The system requires that the FBGs are all 
written at the same wavelength and connected in parallel configuration. Different delay fibre 
length for each FBG is also required. Quasi-static measurements from three FBGs were 
performed. Dynamic range equal to 3501-'£ and resolution -51-'£ were reported. The low 
dynamic range I resolution ratio, the parallel configuration which requires a different fibre 
for each FBG, the delay fibre lengths, and the large number of couplers, prevent the use of 
the method for the dev~lopment of the in-shoe transducer. 
2.8.4 Interferometric techniques 
A technique for dynamic strain measurement of multiple FBGs written on a single fibre 
using combined WDMlfDM with interferometric detection was proposed by Kersey et al. 
(1992), Fig.2.l7. Pulsed light from a broadband source is coupled into an FBG string. The 
gratings are sufficiently separated such that the reflected pulse from each FBG arrives at the 
detection system at different time intervals. The pulses are fed into a Mach-Zehnder 
interferometer. The output of the interferometer is gated to derive the interferometric signal 
from a particular FBG. The wavelength shift of each FBG is linearly transposed into the 
phase shift of separate low-frequency electrical carrier signals. The system was demonstrated 
with a single FBG written at 155Onm. Dynamic strain resolution equal to 0.6n&/~ at 
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Fig.2.17: FBG sensor array interrogation using phase-sensitive detection (Kersey el al., 1992). 
The need for delay fibre length between the FBGs precludes the application of this 
method for the development of the in-shoe transducer. A fully WDM modification of the 
above system, which eliminates the use of delay fibres, was described by Berkoff and Kersey 
(1996). The pulsed modulated source is substituted by a continuous, broadband diode-
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pumped Er-doped fiber superfluorescent source (power-lmW, operation band = 1525nm-
2565nm) was used to illuminate four FBGs written at different wavelengths. The output port 
of the interferometer was coupled to the input of a four-channel bandpass wavelength 
division multiplexer (BWDM), which separates the composite interferometer phase signal 
into four output channels that correspond to a wavelength band about each of the FBG 
wavelengths. Each output contains the phase-modulated interferometric signal corresponding 
to a particular FBG. Dynamic strain measurement is achieved by measuring the phase 
change of the signal. The drawback of the method is the need of highly selective, closely 
spaced in wavelength bandpass filters, as many as the number of FBGs in the array. For 
large sensor arrays, those filters are not yet commercially available. 
The measurement of the Bragg wavelength from a multiplexed FBG array cat:l be achieved 
by passing the light through a scanning Michelson interferometer and processing the 
resulting interferogram to determine the peak wavelengths. Flavin et al. (1997) reported the 
interrogation of two FBGs with Bragg wavelengths 1.3 and 1.56~. High wavelength 
resolution (0.005nm) was achieved by applying Hilbert transform processing on a short-scan 
interferogram (scanned optical path difference: OPD= 1.2mm). The Hilbert transform 
method was also applied by Rochford and Dyer (1999), to accurately measure the Bragg 
wavelength of much closer FBGs. The demodulation of three FBGs (1555, 1558, and 
156Onm) was demonstrated by processing the interferogram obtained by OPD scanning 
equal to 20.2mm. The wavelength resolution was measured to be 19pm. The above method, 
even though it provides accurate calculation of the Bragg wavelength, it is not applicable for 
dynamic strain monitoring due to the relatively slow scanning process. Static strain 
measurements have only been reported. 
2.S.5 Miscellaneous techniques 
A low cost technique for the interrogation of FBGs written on the same fibre is based on the 
use of a matched filter grating array operated in the transmitted mode, as shown in Fig.2.1S 
(Davis and Kersey, 1995). Each FBG of the filter is matched with one of the sensing FBGs, 
and mounted on a separate piezoelectric stretcher. Independent stretching of the filter 
gratings is allowed by applying voltage to the piezoelectric stretchers. To track the 
corresponding sensing FBG, the stretchers are driven by a small dither signal, and a feedback 
loop is used to accurately detect the central frequency of the sensing FBG. The system was 
tested with two sensing FBGs. The dynamic range was measured to be 0-500~. The 
dynamic response of the system was measured for frequency 27Hz, giving minimum 
detectable signal equal to 0.00 1 J.1SI...JHz for frequencies >3Hz. 
63 









Fig.2.1S: FBG interrogation using matched filter gratings (Davis and Kersey, 1995). 
The disadvantage of this method is the need for identical filter FBGs with the 
corresponding sensor gratings. This is particularly difficult to be achieved in practice 
because each FBG has to be written at different wavelength to allow WDM interrogation. 
For that purpose, the FBGs are written using one of the interferometric techniques, which 
allow tuning of the grating wavelength, but also suffer from relatively low repeatability 
(section 2.7.3). 
Hu et al. (1997) have proposed an FBG interrogation technique based on digital spatial and 
wavelength division multiplexing (DSWDM), using an imaging spectrograph with a two-
dimensional CCD camera, as shown in Fig.2.19. Light from a broadband LED source is 
coupled into several single-mode optical fibres. Each fibre has a number of FBGs with 
predetermined, different FBGs. The reflected light from the FBGs in each fibre channel is 
coupled into a separate lead fibre, and all lead fibres are connected to the input slit of an 
imaging spectrograph with a two-dimensional CCO camera installed in the output port. The 
imaging spectrograph separates light beams from different fibres along pixel columns of the 
CCD. The bulk grating of the spectrograph diffracts different wavelengths in different 
directions along the x-axis, and forms spots along different pixel rows of the CCD. The 
precise Bragg wavelength is obtained by the location of the spot along the x-axis. The 
system was demonstrated with a spectrometer having a 600lines/mm bulk grating, and 
512,012 pixel CCD camera, and two fibre channels, the first one having 3 FBGs (824, 830, 
and 853nm) and the second one having 2 FBGs (830 and 853nm). For this particular 
CCD/spectrometer configuration, resolution of O.1nm was achieved. The system IS 
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Fig.2.19: FBG interrogation system using DSWDM technique (Hu et al., 1997). 
A similar system was used as the FBG interrogation system during this study. The 
description of the system, as well as the peak detection algorithm used to increase the 
wavelength resolution of the system to -1 pm were presented by Ezbiri et al. (1998). The 
system will be described in detail in chapter 3. A suggestion for improving the sensitivity 
and acquisition speed of the system, with all the required modifications in order to operate as 
the readout system for the in-shoe transducer will be given in chapter 7. 
2.9 Summary 
Mechanical forces acting on the skin produce stresses inside the soft tissue which can be 
sufficient to occlude the blood supply in the contact region. Prolonged application of large 
forces leads to cell necrosis and ulceration. It is believed that mechanical stress plays an 
important role in plantar ulcer development in individuals with diabetes mellitus. Recently, 
several transducers have been developed for measuring in-shoe shear stress using magneto-
resistive technology, light intensity modulation, and piezoelectric materials. Common 
drawbacks in the existing methods are the relatively large size of the sensors, and the 
difficulty in interrogating many sensors simultaneously in order to achieve distributed 
sensing. Optical fibre sensors, particularly the fibre Bragg gratings, offer significant 
advantages for this application in terms of size, speed, muhiplexing capability, and readout 
system simplicity. The fabrication techniques and the principle of operation of the FBG 
strain sensor were briefly described. A review of the recent methods for the interrogation of 
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FBG arrays was presented, with particular reference to the applicability of each of those 
systems to the development of the in-shoe stress transducer readout system. 
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In this chapter the experimental setup for testing the sensor is explained in detail. The entire 
arrangement was installed on an optical table, and all the experiments were carried out at the 
optics laboratories of the Department of Electronic Engineering. 
The aim of developing the experimental setup was to provide us the experimental data in 
order to prove the principle of operation of the two sensor methods which have been 
theoretically designed and will be extensively described in chapters 4-6. It would also 
provide enough information regarding i) weak points of the sensor design, which are 
generally difficult to be theoretically predicted, ii) advantages and disadvantages of both 
metallic and elastomer sensors, and iii) future improvements of the sensor performance. At 
the preliminary stage of the sensor design which is presented in this thesis, we were mainly 
interested to test fundamental features concerning the sensors. More specifically, we were 
interested to measure the linearity, sensitivity, and dynamic range with respect to shear 
stress, as well as the cross-sensitivity to vertical stress of the sensors, with particular 
emphasis to satisfy the specifications for the development of the in-shoe shear stress 
transducer, which were presented in section 2.3. Dynamic measurements' of the sensor 
behaviour for frequencies above 3Hz require significant modifications of the setup and 
investment in faster readout equipment and were not feasible during this study. 
Regarding the metallic sensor approach, the experimental arrangement was initially 
used to measure the sensor structure's response to shear and vertical stress, and the structure 
behaviour under different directions of shear, for an enlarged version of the sensor. It was 
also used to measure 'the wavelength shift of a fibre Bragg grating installed in the sensor 
structure. The setup was then modified to measure the elastic properties of the materials 
examined for the implementation of the elastomer sensor, i.e. the Young's modulus and the 
shear modulus of elasticity. It was also used to test the response of the elastomer sensor to 
shear and vertical stress. 
The mechanical apparatus for measuring the sensor response to shear and vertical stress 
will be described in section 3.1. The calibration procedure of the stress measuring system 
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will be explained in section 3.2. The capability of the system for dynamic measurements is 
tested in section 3.4. The description of the optoelectronic readout system and its calibration 
are explained in sections 3.5 and 3.6. 
3.1 Mechanical apparatus 
The mechanical apparatus used to apply shear and vertical stress on the sensor will be 
explained in detail in section 3.1.1 where the system used for the measurement of the 
metallic sensor will be described. Section 3.1.2 describes the modifications on the system in 
order to measure the response of the elastomer sensor to shear and vertical stress. The 
experimental setup for the measurement of the elastic properties of the materials. which are 
required for the theoretical design of the elastomer sensor is also described. The 
measurement of the shear modulus of elasticity is discussed in section 3.1.3, and the 
measurement of the Young's modulus of elasticity in section 3.1.4. 
3.1.1 Apparatus for measuring the metallic sensor 
The design and principle of operation of the metallic sensor will be discussed in detail in 
chapter 4. In order to describe the experimental setup, we only need to consider the sensor as 
a metallic structure consisting of two parallel disks separated by a number of metallic pins. 
The upper disk is able to deflect parallel to the lower one under the application of shear 
stress on its top surface, as a result of the bending of the pins. The displacement of the upper 
disk produces strain on the FBG installed between the disks, which is proportional to the 
applied shear stress. 
In this section we describe the apparatus for the application and measurement of shear 
and vertical stress on the sensor structure, and the measurement of the relative displacement 
of the upper disk with respect to the lower one. This is given schematically in Fig.3.1. The 
sensor structure is placed between a fixed aluminium base and a moving plate (top plate), 
which is able to move in the x and y directions, but not in the z direction. This is achieved by 
using two uni-directional translation stages, stage 1 and stage 2, assembled together as 
shown in the figure. High precision translation stages I were used in this crucial part of the 
setup for three reasons. First, any motion of the top plate in the z-direction must be blocked. 
This ensures that the shear force applied by the electromagnetic vibrator will produce 
deflection of the top plate at the x-direction only, and hence uni-directional displacement of 
I Stage I: Photon Control. stage 2: Physik Instnunentc 
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the upper disk of the sensor. Second, any tilt angle l around y-axis must be minimised. Tilting 
of the top plate will produce asymmetric vertical loading of the pins, leading to unpredictable 
response of the structure to shear stress. Finally, the friction between the moving plates of 
the stages should be minimised. This is particularly important for stage 1. The friction in this 
case results in uncertainty of measuring the actual shear force which is transferred from the 
vibrator to the upper disk. More specifically, the force sensor measures larger shear force, 
which is the sum of the actual shear force applied on the sensor and the friction. For that 
purpose, the stages were disassembled, and the bearings cleaned and lubricated in order to 
further reduce friction. 
A picture of the apparatus shown schematically in Fig.3.l, is given in appendix 11 
(picture 2). 
I The tilt angle in this case is dermed as the angle between the perpendicuJar to the top surface of the top plate 
and the y-a.xis. It can be caused by eccentric loading of the top disk. More information on translation stage 
properties can be found in LINOS Photonics, ( 1999). 
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FigJ.1: The mechanical apparatus for measuring the metallic sensor, which shows the placement of 
the sensor between the fixed base and the moving top plate. 
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The vertical stress is applied by a third stage (not shown), identical to stage 2, which 
enables the movement of the weights in the vertical direction only. To avoid eccentric 
loading and prevent tilting of the top disk, the vertical load is applied above the centre of the 
sensor disk. The vertical stress can be discretely varied by changing the nwnber of known 
weight units placed on the weights plate. 
The sensor structure is held by two auxiliary alwniniwn plates (holding plates). One of 
them is screwed to the base and the other one to the bottom surface of the top plate. These 
plates are carefully drilled at a radius equal to the disk diameter in order to minimise the gap 
between the sensor disks and the holding plates. These plates are necessary in order to 
prevent slippage of the sensor, or of the top plate, due to shear. Furthermore, the sensor can 
be rotated inside the holding plates with respect to the vertical axis passing through the 
centre of the disks. This simplifies the task of measuring the response of the structure to 
shear stress in different directions. The sensor is simply rotated to the desired angle, while 
the rest of arrangement remains the same. Another reason for using the holding plates is the 
ability to measure sensor structures having different disk diameters by simply replacing the 
holding plates without altering the rest of the setup. 
It can be noticed that the horizontal force acting on the sensor is not the result of shear 
stress applied on the top surface of the upper disk, which will be the case of the real sensor 
as a result of the friction between the plantar skin and the surface. The horizontal force 
acting on the sensor in the setup shown in Fig.3.1 is applied on the side surface of the disks. 
If, for example, the ElM vibrator pushes the top plate, the top disk will deflect towards the 
right (positive x-axis) as a result of the force acting on the side of the upper disk, specifically 
in the interface region between the disk and the holding plate. This force produces exactly 
the same pin deformation as the one caused by an equal shear force acting on the upper 
surface of the sensor. Since the purpose of the following experiments is the investigation of 
the pin deformation caused by a horizontal force, the way which this force is applied is not 
important, as long as it is always applied on the upper end of every pin. In the following 
sections, as well as in section 4.3 where the experimental results for the metallic sensor are 
presented, the term "shear force" is still used, but it actually refers to the horizontal side 
forces explained above. 
The reaction to the horizontal force acting on the side of the upper disk will be an 
opposite force acting on the side surface of the lower disk. These two forces tend to rotate 
the sensor with respect to the z-axis, which can be prevented by minimising the gap between 
the disks and the tracks on the holding disks, and by keeping the sensor disks as deep as 
possible into the holding plates. 
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A piezo-electric force sensorl (Kistler, type 9301A) measures the shear force applied on 
the top plate. The horizontal displacement of the top plate is measured using an L vnT 
displacement sensor (Tesatronic2, type 32.10801). Fig. 3.2 shows the block diagram of the 
equipment and the required connections. The ElM vibrator (Goodmans Industries Ltd, 
type:390A) is driven by a mechanical impedance power amplifier (Bruel & Kjaer, type 
2712). The frequency and amplitude of the shear force is controlled by a signal generator 
(Thandar Electronics Ltd, type TG501). The linear variable differential transfonner (LVDT) 
sensor is read out by a digital micrometer (Tesatronic, model TID 20). A charge amplifier 
(Kistlerl , type 5007) is used to read out the force sensor. The output of the charge amplifier, 
as well as the analogue output of the micrometer, are connected to the input channels of a 
digital storage oscilloscope) (LeCroy 9314) for the simultaneous monitoring of the shear 












Fig. 3.2: Experimental arrangement for the application of shear force on the top plate and the 
measurement of shear force and upper disk displacement. 
The ElM vibrator, the base, the top plate assembly, the L VDT sensor, and the vertical 
load assembly are all firmly mounted on an optical table in order to minimise external 
vibrations during the measurements. 
1 Kistler Instrumentc AG, CH-8408 Winterthur, Schweiz, tel: (052) 831111. 
1 Brown&Sbarpe TESA SA, Bugnon 38, CH-I 020, Suisse, tel: +41 21 634155 I. 
3 LeCroy Ltd., 27 BlackJands Way, Abingdon Business Park., Abingdon, Oxon, OXI4 I DY. 
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Before proceeding to the testing of the structure, it is necessary to transform the vertical 
weight and the output voltage of the charge amplifier in tenus of stress on the sensor. The 
output voltage of the micrometer, which corresponds to horizontal displacement, should also 
be expressed in length units. 
Assuming uniform distribution of the vertical stress CJy over the upper disk, we obtain: 
Fv mvg 
CJ =-=--
Y A m2 
(3.1) 
where Fy is the vertical force acting on the upper disk, A is the area of the top surface, r the 
disk radius, and g is the acceleration of gravity. The total mass mv, which is placed on the 
sensor, will be the summing of the mass of the top plate assembly (masses of the upper 
moving plate, stage I,mounting bracket, and moving plate of stage 2), plus the moving parts 
of the weights plate (including the mass of the weight units). For r=5mm, eq.(3.l) gives: 
CJy = 125mv (kPa) (3.2) 
The digital oscilloscope displays and measures the voltage of the output of the charge 
amplifier (channell), as well as the analogue voltage output of the micrometer (channel 2). 
The voltage readings from channel 1 must be transformed in order to express shear stress. 
The charge amplifier was configured (according to the operation instructions) to provide 
responsivity RI equal to O.2VIN. The output voltage of the charge amplifier VI is given by: 
(3.3) 
Eq.(3.3) can be used to calculate the shear force Fsb applied by the vibrator, which can be 
used to calculate the shear stress on the sensor: 
(3.4) 
For a sensor radius r=5mm, eq.(3.4) gives: 
'tyx = 63.7V1 (kPa) (3.5) 
Eq.(3.5) was derived by using RJ=O.2VIN, as this is given in the data sheet of the charge 
amplifier. However, the shear stress readout system was calibrated prior to the experiments 
in the expected operating range. The calibration procedure and the derived transformation of 
charge amplifier output voltage to shear stress, will be given in section 3.2.3. 
The voltage readings from channel 2 can be transformed to J.U11 using the responsivity 
R2 of the micrometer: 
R2 = lOmV/J.U11 (3.6) 
Hence: 
0= lOOV2 ijun) (3.7) 
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Eq.(3.7) is used to calculate the upper disk displacement by measuring the micrometer output 
voltage V 2. where V 2 in the above equation is in (V). 
3.~.2 Apparatus for testing the elastomer sensor 
The elastomer sensor consists of a solid block of material in which FBGs are embedded. as 
will be explained chapter S. Contrary to the metallic sensor where the deflection of the pins 
determines the perfonnance of the sensor, in this case the defonnation of the entire block of 
the material contributes to the response of the sensor. It was mentioned in the previous 
paragraph that, instead of shear stress applied on the top surface of the metallic sensor, 
similar results could be obtained by applying horizontal force on the side of the upper disk 
via the holding plates shown in Fig.3.l. 
The use of similar holding plates for the testing of the elastomer sensor is expected to 
significantly affect its response to shear stress. The reason for this is shown in Fig.3.3. The 
outer shape of the material, as well as the internal stress distribution when the forces are 
applied on the interface region between the side surfaces of the holding plates and the sensor 
(Fig.3.3a), will be different from the defonnation of the material when no holding plates are 
used and shear stress is applied on the top surface as the result of friction between the 
material and the top plate (Fig.3.3b). Since in-shoe shear stresses are developed due to 
friction between the foot pl.antar surface and the sensor, the sensor should be measured 
without using holding plates. The drawback of removing the holding plates is that 
measurements can be taken for shear stress up to a maximum value which is prop?rtional to 
the vertical stress and the constant of static friction. Larger values of shear stress will result 
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Fig.3.3: (a) deformation of the elastomer material due to the side forces applied by the holding plates. 
(b) deformation and shear force development due to friction. 
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The mechanical apparatus shown in Fig.3.1 can therefore be used for testing the 
elastomer sensor after removing the holding plates. To prevent damage of the L VDT 
micrometer head due to slippage of the top plate, the LVDT was placed on the left-hand side 
with respect to the plate (referring to Fig.3.1) so that it measures the distance which it travels 
away. 
The charge amplifier output voltage is used to calculate the applied shear stress. It will be 
given by eq.(3.4), where A in this case is the area of the top surface of the elastomer sensor. 
For a IOxIO mm square top surface and R1=O.2V/N, we obtain: 
'tyx = SOV. (kPa) (3.8) 
The arrangement shown in Fig.3.l and Fig. 3.2 can be used to measure the response of 
the elastomer sensor under variable shear stress by varying the driving current of the FJM 
vibrator. The vertical load can also be varied discretely, as described in the previous section. 
3.1.3 Measurement of the shear modulus' of elasticity 
We define the shear modulus of elasticity G using the theory and notation used for 
describing the behaviour of elastic solids, as is extensively presented in the textbook by 
Timoshenko and Gere (1973). 
Let us consider the solid block of elastomer shown in Fig.3.4. The shear stress tyx is 
applied on the top surface parallel to the x-axis, causing elastic deformation of the material. 
y 
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Fig.3.4: Deformation ofa solid block of material under shear stress. 
The shear modulus of elasticity (or modulus of rigidity) G is dermed by the ratio: 
G = 'tyx 
Y 
where the angle y is the shear strain on the material. It is given by: 
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where a is the relative displacement of the top surface with respect to its initial positio~ and 
h is the height of the block. The shear stress is given by: 
F'h t =-yx A (3.11) 
where Fsh is the shear force measured by the force transducer, and A the top surface area For 
a square top surface of side a, eq.(3.11), using eq.(3.4), gives: 
(3.12) 
As shown by eq.(3.9), 0 can be measured by plotting tyx and y, as given by eq.(3.12) and 
eq.(3.1O) respectively, and calculating the slope of the curve. The relative displacement a is 
measured by eq.(3.7). 
3.1.4 Measurement of the Young's Modulus of elasticity 
Another important parameter of the material which is necessary for the elastomer sensor 
design, is the Young's modulus of elasticity E. Let us consider again the solid block of 
material which is now subjected to vertical compressio~ Fig.3.5. By definitio~ E is given by 




where cry is the vertical stress and Ey is the strain of the material on y-direction. According to 
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Fig.3.S: Vertical compression ofa solid block of material. 
It is already mentioned (section 3.1.1) that vertical stress can be measured by adding all the 
weights placed above the sensor, which in this case is a solid block of the material under test, 
and then apply eq.(3.l), which can be re-written as follows: 
(3.14) 
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A drawback of this indirect method of measuring vertical stress is the error introduced by the 
fact that all the weight units are not identical, as will be seen in section 3.2.3, therefore the 
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Fig.3.6: Experimental arrangement for measuring the Young's modulus of elasticity. 
It is possible to measure vertical stress directly using the force transducer. For that 
purpose, the experimental apparatus was modified as shown in Fig.3 .6. In this figure, the 
force transducer measures the vertical load applied on the top plate. It must be mentioned 
that, si nce we are only interested in measuring vertical compression during this experiment. 
the horizontal translation stage (stage t , Fig.3 . t) was removed. A picture of the experimentaJ 
setup for the measurement of the E-modulus is given in appendix II (picture I). 
The weight of the top plate is always applied on the sample under test throughout the 
experiment. Therefore, the minimum value of vertical stress occurs when the weights plate is 
lifted so that it does not touch the top plate, and corresponds to the weight of the top plate. 
The overall weight of the top plate (moving part of stage 1 plus mounting bracket) was 
measured to be O.38kg, as will be discussed in section 3.2.3. Eq.(3 .14). For a= lOmm, this 
gives 38kPa, which is the equivalent stress on the material . 
The vertical compression is measured using the LVDT, which is now positioned to 
measure the vertical displacement of the top plate. In order to compensate the weight of the 
weights plate (O.38kg, equal to the weight of the top plate), a spring was prestrained so that 
the weight plate just touches the top plate when no weight units are placed on it. Omitting 
this spring would limit the measurements for stresses above 76kPa (38kPa from top plate 
plus 38kPa from weights plate). 
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A second spring, identical to the previous one, could be used to compensate the weight 
of the top plate. However, it was noticed in practice that some initial vertical load was 
necessary in order to make sure that the top plate is in contact with the entire top surface of 
the sample. This was due to the fact that the upper and lower surfaces of the samples could 
not be manufactured precisely smooth and parallel to each other. The initial vertical stress 
compresses the material and eliminates gaps between the material and the metallic surfaces. 
Examining the interface region with a magnification lens, it was observed that the stress 
applied by the top plate (38kPa) was sufficient to prevent non-uniform loading of the sample. 
The compression of the material for shear stresses smaller than 38kPa can be estimated by 
extrapolating the experimental data 
The experimental setup explained in this paragraph will also be used for the testing of 
the elastomer sensor response to vertical stress. The L VDT in that case is not necessary, 
since the vertical stress and the Bragg wavelength shift of the embedded grating must only 
be measured. The experimental setup for the measurement of the Bragg wavelength shift will 
be discussed in sections 3.5 and 3.6. 
3.2 Experimental testing and calibration of the stress measuring 
system 
The stress measuring system is described in section 3.2.1. The stress resolution of the 
system, and the calibration procedure will be discussed in sections 3.2.2 and 3.2.3 
respectively. 
3.2.1 System description 
The stress measuring system consists of the piezoelectric force sensor, the charge amplifier, 
and the digital oscilloscope, as shown in Fig. 3.2. When axial force is applied on the 
piezoelectric element, electrostatic charge signal is generated. The phenomenon is called 
piezoelectricity, and it has been utilised in the design of several types of force and pressure 
transducers (Rangan el al., 1994, pp.143-14S). This signal is in tum converted by the charge 
amplifier into an electric voltage which is recorded by the oscilloscope. 
Table 3.1 gives a list of the most important specifications of the force sensor. More 
information and the complete data sheets are given in the operation manual'. 
A typical response of the stress measuring system is given in Fig.3.7. The plot is taken 
by downloading the data points from the oscilloscope. At time tl=3sec, constant axial force 
is applied on the force sensor. We notice that from tl to t2, where the stress is kept constant, 
the output voltage of the charge amplifier exponentially decreases and tends to return to zero. 
I Kistler Piezo-instrumentation "Operating Instructions - Quartz force links", 86.0 13e Ed.8.68 p.3 
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At t2=8.5sec, the stress is removed, causing a fast reduction of the output voltage which 
reaches a negative value. After h the voltage exponentially increases to zero. 
Dynamic range ±2500N 
Responsivity' (R1) O.2VIN 
Resolution O.OIN 
Linearity ~I% 
Error due to eccentric loading 2% 
Frequency response': 180kHz 
Table 3.1: Specifications of Kistler force sensorl. 
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Fig.3.7: Typical time response of the force readout system. 
For the low frequency measurements carried out in this study (stress is varied up to 3Hz 
when testing the sensor), the measurement of the mean output voltage between t( and t2 will 
introduce error in calculating the stress, since this is dependent on the duration t2-tJ, and 
hence on the period of the stress pulses. The magnitude of shear stress is calculated by 
measuring the transient voltage during the application of stress, ~ VJ, or during the removal 
of stress, ~V2. provided that the transient times £\t( and £\t2 are much smaller than the time 
constant of the exponential drift. When the transient times are equal, then ~ VI=£\ V2. 
J Depends on charge amplifier gain. which was set to 5 mechanical units I V. 
2 Kistler Piezo-instrumentation "Charge amplifier". B 11.5007e Ed.7.81 p.4 
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3.2.2 Measurement of the stress resolution 
The transient voltage is measured by holding the trace on the oscilloscope screen and 
manually placing two reference lines at points A and B, as shown in Fig.3.7. The 
oscilloscope measures the voltage difference between those two lines. This procedure 
introduces the following sources of error: 
1. Quantisation error caused by the analogue to digital (NO) conversion of the sampled 
charge amplifier output voltage. It is determined by the dynamic range of the instrument 
and the byte length of the NO converter. Table 3.2 shows the quantisation error of the 
LeCroy oscilloscope, as this is measured for different voltage scale levels. 
scale Quantisation error scale Quantisation error 
(mV/div) (mV) (mV/div) (mV) 
50 O.S 500 S 
100 2 1000 20 
200 3 2000 30 
Table 3.2: Quantisation error on the oscilloscope at different scales. 
2. Uncertainty of the precise location of points A and B Fig.3.7, due to noise on the output 
of the charge amplifier. This can be clearly seen in Fig.3.S, which shows the output 
voltage when no force is applied on the sensor. The maximum peak-to-peak variation 
does not exceed 2m V. The noise could be eliminated using a low-pass fIlter. However, 
comparing the noise with the quantisation error given in Table 3.2, we realise that no 
significant improvement on the resolution of the system would be achieved by using 
such a filter. Except by the 50mV/div scale, which was not used during the experiments, 
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Fig.3.8: Noise of the stress measuring system. 
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The error in measuring the charge amplifier output voltage sets the actual resolution of 
the stress readout system. At a voltage scale SOmV/div, the resolution is limited by the 2mV 
noise. Only voltage differences above 2m V can be measured, which can be converted to 
force resolution using eq.(3.3). The stress resolution of the system can be calculated using 
eq.(3.5) and eq.(3.8) for the measurement of the metallic and the elastomer sensor 
respectively. Averaging of the signal can improve the resolution, but it will significantly 
reduce the speed of the readout system. For any other voltage scale, the quantisation error 
dominates, reducing the resolution of the system as the scale increases. Table 3.3 shows the 
voltage error, the force resolution, and the stress resolution for the metallic and the elastomer 
sensor, for different voltage scales. 
voltage error in measuring force resolution for resolution for 
scale voltage resolution metallic sensor elastomer sensor 
(mV/div) (mV) (N) (kPa) (kPa) 
50 2 0.01 0.13 0.1 
100 2 0.01 0.13 0.1 
200 3 0.015 0.2 0.15 
500 8 0.04 0.51 0.4 
1000 20 0.1 1.27 1 
2000 30 0.15 1.91 1.5 
Table 3.3: Actual (measured) resolution of the stress readout system 
3.2.3 Calibration 
Before using the stress readout system, it is important to measure the system response over 
the entire operating range (O-500kPa, section 2.3). The linearity and responsivity of the 
piezoelectric force sensor and charge amplifier, as those are given by the manufacturer and 
quoted in Table 3.1, cannot be assumed for the entire testing system. We have already seen 
in the previous section that the resolution of the stress measuring system is up to IS times 
lower than the resolution of the piezoelectric transducer, due to the use of the oscilloscope 
(comparing the value from Table 3.1 and Table 3.3, column 3). 
Another parameter that deteriorates the accuracy of our measuring system is the friction 
between the moving parts of the translation stages. Cleaning and lubrication (section 3.1.1) 
reduces friction but does not eliminate it. As a result, the shear stress transferred from the 
vibrator to the sensor (Fig.3.1) will be less than the measured by an amount equal to the 
friction, which depends on the friction constant and the vertical stress. The friction cannot be 
accurately measured, therefore error will be introduced. 
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As the shear and vertical stresses increase, bending moments can be developed in the 
testing apparatus due to possible buckling of the connecting rods (Fig.3. 1), which could 
produce asymmetrical loading of the force transducer, and hence error in measuring stress. 
The manual loading of the weights on the weight plate could also produce asymmetrical 
loading of the force sensor due to bending moments. This applies in the setup for the 
measurement of the Young's modulus and the measurement of the sensor response to vertical 
stress, Fig.3.6. 
For all those reasons mentioned above we decided to calibrate the system and test its 
linearity in the required operating range prior to use it for testing the sensors. Initially, we 
measured the response of the force transducer by placing a number of weights directly on the 
sensor, as shown in Fig.3. 9. The sensor was screwed on the optical table. A I-inch diameter 
alumiruwn disk was then screwed on the top end of the sensor. This disk serves as the plate 
where the weight units can be placed. Ten steel disks with diameter equal to the aluminium 
disk, and weight approximately 50g each, were used as the known weights. The equal disk 
diameter between the aluminium disk and the weight disks helps to al ign the centre of 
gravity of the weights with the axis of the transducer, in order to avoid eccentric loading. 
Each steel disk was numbered and measured using a precision scale (OHAU Precision 
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Fig.3.9: Testing of the force transducer in the range O-SN 
The weights were placed and aligned vertically on the transducer, starting from disk 1 
and adding one disk at a time. The transducer response to axial stress was measured by 
recording the charge amplifier output voltage difference 11 V2 (see al so Fig.3 .7) during the 
1 Ohaus, P.O. Box 900,29 Hanover Road, Florham Park, NJ 0793 2.USA.Tel:(973)377-9000 
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removal of the weights. The voltage difference !1VJ could not be used in this experiment 
since a few seconds were necessary to vertically align the weights with the aluminium disk. 
The weights were then removed by manually lifting the weights. Practice was necessary in 
order to remove the weights as quickly as possible, without accidentally applying vertical 
compression on the transducer while lifting the weights. 
It is important to mention that the setup described in this section will enable the 
calibration of the force transducer for measuring compressive forces only. Calibration of the 
sensor for extension forces is not necessary, since all the experiments carried out during this 
study produce compression of the transducer. This is clear in Fig.3.6 where the force 
transducer is compressed between the top plate and the weight plate while measuring the 
sensor response to vertical load. Compression also occurs during shear stress measurements, 
Fig.3.1, since the vibrator rod is in simple contact with the force transducer, therefore it can 
only push the top plate, and hence compress the force transducer. Since each transducer must 
be measured for shear stress in the range -250 to 250kPa, and for vertical stress 0 to 500kPa, 
we conclude that the maximum compressive stress which will be applied to the force 
transducer during the sensor tests will be 500kPa 
The transducer must therefore be calibrated in the range 0 to SOOkPa Since the actual 
variable measured is force, the stress range must be converted to force range. In case of the 
metallic sensor, stress is applied at the area of the upper disk, hence the maximum force will 
be given by eq.(3.1): 
F = cr A = cr 1tf2 max y y (3.15) 
For cry=500kPa and r=5mm, eq.(3.1S) gives Fmax=40N. Similarly, The maximum force, 
which corresponds to SOOkPa in case of the elastomer sensor, where stress is applied on its 
top square surface, will be: 
(3.16) 
For a=lOmm, Fmax.=SON. 
The results are shown in Fig.3.1 O. The location of each data point indicates the number 
of the weight disks placed on the sensor. The corresponding force (x-axis) is calculated by 
summing the masses of the weights, as they are given in Table 3.4. The voltage scale on the 
oscilloscope was set to 200mV/div. giving a maximum error of3mV. 
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disk number weight (g) disk number weight (g) 
1 50.31 6 50.35 
~ 
2 50.30 7 50.27 
3 50.28 8 50.26 
4 50.36 9 50.37 
5 50.32 10 50.32 
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Fig.3.1 0: Force transducer calibration in the range O-SN 
The expected linear response of the transducer is clearly observed. The trendline 
equation gives the experimental value of the responsivity of the syst~ which is 
0.19245VIN. We can see that the experimental value is very close to the one given by the 
data sheet (Rt. Table 3.1). 
The main reason for calibrating the force transducer apart from the experimental apparatus as 
shown in Fig.3.9, is to measure the weight of the weights plate assembly. The precision scale 
could not be used because the weight was out of the measuring range of the instrument. The 
weight could be measured by disassembling the stage and measure each part (holding 
bracket, mounting bolts and nuts, moving part of stage) separately, using a different scale. 
However, the measurement of the weights plate assembly without disassembling it gives the 
advantage of measuring the repeatability of the application of the vertical stress, as well as 
identifying any problems related to friction. Finally, the experiment shown in Fig.3.9 gives 
one method for calibrating the sensor for forces lower than the weight of the weights plate. 
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which is the minimum vertical load that can be applied on the sensor and simultaneously 













Fig.3.11 shows the experimental setup which was used for the measurement of the 
weights plate mass (when no weight units are placed on the plate), as well as for the 
calibration of the force sensor for forces larger than 5N. The translation stage is manually 
lifted and the voltage difference is measured during the removal of the weights ( Y 2, 
Fig.3.7). In this case, the reason for measuring!':!.. V 2 instead of 11 V I is to avoid the peaks that 
appear due to the impact forces developed instantly when the transducer contacts with the 
metallic base. Typical time response of the charge amplifier output during manual 
application of vertical force equal to - 18N, is shown in Fig.3. 12 . 111e graph corresponds to 
one fiill screenshot taken with the time base set to I sldiv. Approximately 4 to 5 periods were 
recorder in the lOs interval, and then the trace was held in order to measure V~ . From all 
the displayed pulses, the fastest transient was selected to measure 11 V 2. In this particular 
example, the off-transients of the first or second pulse could be used. 
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FigJ.12: Time response of the force sensor after manual application vertical force equal to -18N. 
In order to check the repeatability in measuring the vertical stress, the weights plate was 
repetitively applied on the force transducer. Each value was measured by following the 
procedure described previously. Table 3.5 gives the measured charge amplifier output 
voltages when only the weights plate is applied on the force transducer. The average voltage 
gives 726mV, which corresponds to 3.8N (O.384kgr), as given by eq.(3.3). The maximum 
error is approximately ±12mV, which is caused by the limited resolution of the readout 
system as explained in section 3.2.2, which in this case is 3mV (scale 200mV/div), as well as 
by the friction in the translation stage. 
725 728 725 731 725 
725 713 725 725 728 
725 725 731 731 731 
741 725 722 713 725 
Table 3.5: Voltage ilVl (mV) by repetitively measuring the weighs plate. 
In order to calibrate the force transducer for force up to SON, a number of known weight 
units has to be placed on the weights plate. Two types of weight units were used. Both units 
are commercially available optical mounting plates which were available in the laboratory. 
The mass of each unit will be denoted by the symbol mAi and mBj for units A and B 
respectively, where the indexes ij are used to identify each wtit. They are rectangular steel 
plates (77x51xl0mm3). They can be placed one over the other on the weights plate to form 
the desired vertical load. Each plate was indexed, and measured using a precision scale 
(OERTLING TP40 Precision scale). Table 3.6 gives the mass of each unit. 
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index i mAi(g) mBi(g) index mAl(g) mBI(g) 
1 248.51 223.34 6 249.95 223.01 
2 249.63 222.75 7 251.81 221.31 
3 248.55 224.12 8 249.32 222.90 
4 248.81 221.71 9 248.76 223.12 
5 248.88 223.20 10 249.07 224.05 
Table 3.6: Measured weights of unit types A and B. 
The total force on the sensor can be calculated by the following equation: 
F=(mwp+ fmAi + ~mBi)g (3.17) 
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Fig.3.13: Force transducer calibration in the range 3.78-50N 
Fig.3.13 shows the transducer response for vertical force in the range 3.78N (weights 
plate only) to SON. The predicted error in measuring the voltage is ±12mV, as explained 
earlier in this section. The responsivity of the stress readout system in the 3.7S-S0N range is 
measured 0.192VIN, as shown by the trendline. The value is very close to the experimental 
value derived from the calibration of the transducer in the O-SN range, and close to the 
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manufacturer specifications. In all the experiments carried out for both the metallic and 
elastomer sensor, we are using R1=O.192VIN, as measured experimentally. 
The calibrated force readout system was then used to measure the weight of the top plate 
assembly and the repeatability with respect to the vertical stress. For that purpose we 
followed exactly the same procedure as done earlier for the measurement of the weights 
plate. In this case, the top plate assembly (shown in Fig.3.l) was placed over the sensor. The 
oscilloscope scale set to 500mV/div (resolution 8mV). The measurement repeated several 
times and the measured output voltage for all the measurements is given in Table 3.7. The 
average voltage is 1443mV, which corresponds to O.768kg (7.51N, eq.3.3). The maximum 
error is ±lOmV. 
1438 1453 1445 1438 1445 
1438 1438 1445 1445 1445 
1453 1445 1438 1438 1453 
1438 1438 1453 1438 1445 
Table 3.7: Voltage ~ Vl (my) by repetitively measuring the top plate. 
During the testing of the shear response of the sensors using the arrangement shown in 
Fig.3.l, the top plate and the weights plate will be applied simultaneously above the sensor. 
The error in the estimation of the overall vertical load in that case will be caused by the 
uncertainty on the actual vertical load applied by the two plates. In terms of charge amplifier 
output voltage, the uncertainty will be the summing of the maximum errors measured 
previously, i.e. ±12mV due to the weights plate, and ±lOmV due to the top plate, giving an 
overall maximum error of ±22m V. When only the top plate is applied. the output voltage is 
726 ±12 mY, which gives error ±1.6%. Similarly, when both plates are applied. the output 
voltage is (726+1443) ±22mV, which gives error ±l.O%. Since the mass of all the weight 
units used in the experiments is precisely measured, the maximum error in calculating the 
vertical stress for any other vertical load will be less than 1 %. 
3.3 Displacement measuring system 
It is already mentioned that the displacement of the top plate under shear or vertical stress is 
measured using a commercially available linear variable differential transformer (L VDT) 
transducer system (section 3.1.1). The operation is based on the variation of the mutual 
inductances between a primary and two secondary coils, which produces linear variation of 
the voltage generated on the secondary coils (Rangan et 01., 1994, pp.38-41). 
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Table 3.8 gives a list of the transducer specifications, as given in the data sheet. The 
maximum displacement, which was measured during the experimental investigation of the 
sensor and during the material testing, never exceeded 40J.Ull, which lies inside the linear 
range of the transducer. The analogue output of the micrometer driving device has a fixed 
responsivity of IOmV/pm. Hence, the maximum voltage which had to be measured by the 
oscilloscope was 400mV. Table 3.9 shows the voltage scales which were used for measuring 
the micrometer output voltage, and the corresponding quantisation errors (see also section 
3.2.2). The voltage is manually measured using the two reference lines in a similar way to 
the charge amplifier voltage measurement, as explained in section 3.2.2.The displacement is 
calculated by measuring the voltage of the micrometer output and then applying eq.(3.7). 
Total measuring range ±3mm 
Resolution O.lpm 
Linearity 0.2+2Ll pm 
(L in mm from centre) 
Frequency response 40Hz 
Table 3.8: Specifications ofTesa displacement transducer!. 
A typical response of the micrometer output voltage under no displacement is shown in 
Fig.3.l4. The output voltage fluctuates by approximately 2mV (±lmV from OV). Some 
peaks of maximum ±5mV randomly appear on the signal, which can be neglected during the 
manual measurement of the micrometer output voltage. 
scale Quantisation error scale Quantisation error 
(mV/div) (mV) (mV/div) (mV) 
5 0.08 50 0.8 
10 0.2 100 2 
20 0.3 
Table 3.9: Quantisation error on the oscilloscope at different scales 
Examining the quantisation error values as given in Table 3.9, and the noise (2mV), we 
can estimate the resolution of the micrometer readout system. The noise of the micrometer 
output is the dominating source of error, which corresponds to O.2pm actual resolution of the 
system. Averaging the output voltage decreases the resolution down to 0.1 pm, which is the 
best resolution that could be achieved with the specific LVDT micrometer system, Table 3.8. 
t "Electronic probes". Tesa B&S Si\ http://www.tesabs.chlpdf/palpe.pdf 
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Fig.3.14: Noise on micrometer output voltage. 
The micrometer readout system was not calibrated experimentally. One reason was that no 
other displacement system having a resolution of 0.1 ~ and accurately calibrated in order 
to use it as reference, was available. Another reason is that, contrary to the force transducer 
which is part of the mechanical apparatus for the application of shear (or vertical) stress, the 
displacement sensor does not participate in or disturb the mechanical apparatus in any way. 
It is mounted on a separate rod, which is firmly ftxed on the optical table. After the L VDT 
probe is aligned parallel to the shear stress direction (force sensor axis), and the initial 
displacement has been adjusted in order to get zero output voltage for best linearity, then we 
have no reason to doubt the calibration done by the manufacturer. 
3.4 Capability of the mechanical testing system for dynamical 
measurements 
It has already been mentioned in the introduction of this chapter that the primary task of the 
experiments was to evaluate the response and linearity of the metallic and elastomer sensors 
at low frequencies of shear stress. The main reason which prevented dynamical 
measurements on the sensors was the speed of the optoelectronic readout system used for the 
measurement of the Bragg wavelength shift., which will be presented in section 3.6. It will be 
shown that variations of the Bragg wavelength of up to approximately 3Hz could be 
measured by that system. 
In this section, the results from the measurement of the mechanical system response to 
frequencies of shear stress up to approximately 200Hz will be presented. The aims of this 
experiment were: 
1. To examine the system response to shear stress up to 3Hz, which is the range of interest 
for the experimental evaluation of the sensors. 
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2. To examine the capability of the mechanical apparatus, as well as of the stress and 
displacement readout systems to operate at higher frequencies. That would enable 
dynamical measurements of the sensors in the future, provided that the Bragg 
wavelength readout system is upgraded to a faster one (see section 7.4). 
The setup which was tested is the mechanical apparatus shown in Fig.3.t. The metallic 
sensor structure, which will be presented in chapter 4, was placed between the holding 
plates. A sinusoidal voltage drives the vibrator which produces sinusoidal shear stress 
variation on the top plate. The purpose of the metallic sensor structure in this experiment is 
to provide the returning force on the top plate. In other words, the metallic structure and the 
top plate act as a spring-mass system. 
The magnitude of the shear force was varied between 0 to 1.12N (eq.3.3 for 
Vl=0.21SV), which in case of the metallic sensor, corresponds to 0 to lSkPa shear stress. 
The relatively low magnitude of shear stress, as well as the use of sinusoidal driving voltage 
instead of square pulses, were chosen in order to avoid strong impact forces that occur 
during the rise of each pulse. Those forces could damage the sensor, and would deteriorate 
the accuracy of the mechanical setup. Our system is vulnerable to impact forces because the 
vibrator shaft is in simple contact with the force sensor. Whenever the vibrator is driven in a 
way which causes temporary lack of contact between the vibrator axis and the force sensor, 
strong impact forces will be developed as a result of the acceleration of the vibrator shaft 
while not in contact. These impact forces are expected to be larger in case of square pulses 
compared to sinusoidal stress due to the higher forces applied on the shaft during the on-
cycle of each pulse. It was therefore necessary to apply a DC biasing voltage to the vibrator 
in order to make sure that the contact between the force sensor and the vibrator shaft is never 
lost. It is reminded that the minimum force applied on the top disk is ON. The force cannot 
change sign as a result of the simple contact between the vibrator and the force sensor, 
therefore the top plate can only be pushed. 
The graphs shown in Fig.3.IS to Fig.3.18 are time responses of both stress and 
displacement readout systems, as they were simultaneously recorded by the oscilloscope. 
The primary y-axis gives the charge amplifier output voltage. The secondary y-axis (right) 
gives the micrometer output voltage. Examining those graphs we can notice the following: 
1. The amplitude of the displacement oscillations of the top plate is constant for 
frequencies up to 10Hz, under constant amplitude of shear stress. This is clearly shown 
in Fig.3.IS and Fig.3.16, which give the responses at 1Hz and 10Hz respectively. The 
amplitude oscillates between 0 and 4.6J.Ull (L\V2:46mV). A gradual reduction of the 
amplitude is observed as the frequency increases above 10Hz. At 2SHz for example, 
Fig.3.17. the amplitude of the oscillations has been reduced to 3.SJ.lffi (approx. 25% 
reduction). The amplitude of the micrometer output voltage reduces by 3dB at 37Hz, as 
shown in Fig.3.18. Two factors are responsible for the observed reduction in the 
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amplitude of the displacement oscillation. The fIrst one is the relatively low frequency 
response of the displacement sensor (Table 3.8). which has a -3dB response at 40Hz. 
The second factor is the relatively large mass of the moving top plate. which causes 
reduction of the amplitude of the oscillations of the spring-mass system (metallic 
structure - top plate). 
2. Phase delay of the measured displacement with respect to the applied shear stress is 
observed, which is a function of the frequency. An estimation of the phase delay d~ can 
be calculated using the following equation: 
~~ = ro~t = 21tf~t (3.18) 
where fis the driving frequency of the vibrator and dT is the time delay which can be 
measured from the graphs, as shown in Fig.3.16. Table 3.10 gives the phase delay for 
several frequencies. The inertia of the top plate is responsible for the observed phase 
delay. 
3. For frequencies above 37Hz the measured displacement further decreases. No 
displacement oscillations are observed for frequencies above 60Hz. 
Based on the previous observations. we conclude that the mechanical apparatus, as well as 
the equipment for measuring shear stress and displacement, can be used for frequencies up to 
approximately 10Hz, which is well above the maximum frequency of our experiments. 
However. no conclusions could be derived regarding possible time delay between the stress 
input and the sensor response. because this is affected by the inertia of the top plate. Since 
the micrometer response significantly decays above 10Hz, the system could not be used for 
dynamic measurements on the sensors above that frequency. The system is also not 
appropriate for dynamical measurements of Young's modulus and shear modulus of 
elasticity. because accurate measurement of the magnitude and phase of the applied stress 
and the observed strain on the materials is required'. 
The shear stress frequency was further increased in order to examine the response of the 
force transducer. The amplitude and the shape of the measured force remained unaltered for 
frequencies up to approximately 140Hz. Distortion of the sinusoidal shape was observed for 
frequencies 95-105Hz as shown in Fig.3.19 for 100Hz. For frequencies above 140Hz the 
magnitude of the measured stress decreases. The shape of the force transducer output voltage 
appears signifIcantly distorted for frequencies between 180-200Hz, revealing strong 
resonance on the apparatus. The shape of the output voltage appears strongly dependent on 
the applied frequency. Fig.3.20 shows the trace obtained for 190Hz. The maximum 
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frequency applied on the system was 200Hz, where the output voltage dropped by 3dB. The 
observed distortion is possible to be caused by resonance of the bearings inside the top plate. 
Another reason is that the vibrator shaft is in simple contact with the force sensor. which is 
fmnly attached on the top plate. T emporalloss of contact of the vibrator shaft with the force 
sensor could lead to unpredicted variation of the stress applied on the top plate. 
It was clearly observed that the mechanical apparatus could be applied to stress 
measurements up to 95Hz, where the problem of distortion starts to appear for the first time. 
The measured shear stress shows no amplitude reduction or noticeable distortion. 
The use of the system for frequencies above 95Hz should therefore be avoided. 
Furthennore. the amplitude of the measured stress is reduced. Since the frequency response 
of the force readout system (180kHz, Table 3.1) is three orders of magnitude above the 
maximum frequency used in the previous experiment (200Hz), we can accept that the 
observed reduction of the amplitude is real. and it is not caused by false reading of the force 
readout system. 
The electromagnetic vibrator seems to be responsible for the reduction in shear stress 
applied on the top plate. for frequencies above 140Hz. The frequency response of the 
vibrator is given in the specification data equal to 350Hz (-3dB). However, the presence of 
the mass of the top plate (measured 0.25kg), which is actually larger than the mass of the 
vibrator moving shaft (approximately O.lkg), is possible to reduce the frequency response of 
the overall system down to the measured value of approximately 200Hz. 
frequency f Time delay 6t phase delay 6~ 
(Hz) (msec) (rad) 
1 31.5 0.20 
10 12.6 0.79 
25 11.0 1.73 
37 10.5 2.44 
Table 3.10: Measured phase delay of the displacement with respect to shear stress 
I The viscoelastic behaviour of the material during dynamic measurements can be explained by 
considering the complex modulus of elasticity. which is measured by knowing the amplitude and 
phase of the applied stress and the measured strain (Ward, 1983, pp.9S-97). 
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3.5 Optoelectronic readout system 
The previous sections focused on the description of the mechanical apparatus and the 
equipment for the application of shear stress on the sensors or the materials under test, and 
the measurement of the applied stress and displacement. The accuracy of the system has also 
been examined with respect to i) the estimation of the vertical stress, ii) the measurement of 
shear stress, and iii) the measurement of the displacement of the top plate. The calibration 
procedure and the capability of the mechanical system for dynamical measurements was also 
presented. 
In this section the optoelectronic system for the measurement of the Bragg wavelength 
shift of the FBGs which are installed in the sensors will be explained in detail. The general 
characteristics of the optoelectronic devices and components will be presented in sections 
3.5.1 and 3.5.2. The characteristics of the FBGs which were used throughout the 
experiments, as well as their fabrication procedure, will be given in section 3.5.3. 
3.5.1 General description 
The operation of the FBG as a strain sensor has been discussed in section 2.7. We have seen 
that application of axial strain on the FBG results in a shift of the Bragg wavelength. This is 
observed as a shift of the wavelength were maximum reflection occurs. Several methods 
have been developed for the measurement of the Bragg wavelength shift, as presented in 
section 2.8. 
The system used for the experimental evaluation of the sensor response is shown in 
Fig.3.21. It consists of a broadband infrared source (SLD source) which illuminates the 
grating via a directional coupler with a splitting ratio 50:50. The reflected light from the 
grating is fed into the spectrometer after passing through the coupler. The reflected spectrum 
is read by the CCD detector, and transferred into the computer via an analogue to digital 













Fig.3.21: General diagram of the Bragg wavelength shift readout system. 
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The unused end of the coupler is immersed into index matching fluid to prevent back 
reflections and make sure that only the light reflected by the FBG arrives at the spectrometer. 
The system shown in Fig.3.2l can be used for both the metallic and the elastomer sensor, by 
simply removing the sensor and connecting the grating from another sensor on the same 
output of the coupler. 
3.5.2 Devices and components 
The specifications and the purpose of each component are presented in this section. 
SLD source 
It has already been mentioned (section 2.8.1) that a high power, continuous, and broadband 
source (80nm) is required in order to enable WDM of the FBGs in the fmal version of the in-
shoe transducer where many gratings will be used. However, during the initial experiments 
on the characterisation of the sensors only a small number of FBGs is used, which enables 
the use of a lower bandwidth and power, but much cheaper continuous light source. 
A superIuminescent light emitting diode (lnGaAsPlInP SLD) was selected (Hamamatsu 
SLD840), driven by a laser diode driver (MeUes Griot 06DLD201). Advantages of this 
source are i) fibre-pigtailed using a single-mode fibre, equal diameter as the coupler fibre 
(125JlIIl) ii) higher output power compared to conventional light emitting diodes (LED). The 
fibre output power was measuredl as O.31mW at a driving current 82mA2• iii) Sufficient 
bandwidth for our experiments. This is approximately 20nm, as shown in Fig.3.22, which 
gives the spectrum at 82mA as this is measured by an optical spectrum analyser (OSA) 
(Anritsu MS9001A). iv) The entire spectrum is inside the operating bandwidth of the 
spectrometer, which will be described next, and covers the operating range of the FBGs. 
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Fig.3.22: SLD spectrum at 82mA driving current. Screenshot from OSA. 
~ using the. Advantest Optical Power Meter, TQ8210, detector TQ82018. 
The maxImum current of the source was 87mA. For safety, the maximum current was set to 82mA. 
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Fig.3.23: SLD spectrum., centred at 837nm at 82mA (top left), 7SmA (top right), 68mA (bottom left) 
62mA (bottom right). Screenshots from OSA. 
The fibre output of the source was fusion spliced to the input fibre of the coupler. 
Fusion splicing was used for all the optical fibre connections in order to minimise splicing 
losses. Typical losses are ~O.ldB for fusion splicing, and around O.2SdB for commercial 
mechanical splices (Senior. 1992. pp.228. 232). In practice however. we experienced 
splicing losses up to IdB. 
, 
The structure of an SLD is similar to that of laser diodes, with antireflection coating on 
the output facet. The operation of the SLD and further reading, is given by Senior (1992, 
pp.393-39S). As it is not possible to achieve a perfect antireflection coating, the residual 
reflection from the output facet introduces Fabry-Perot modes superimposed on the output 
spectrum, as clearly shown in Fig.3.22. Kashima el al. (1988) presented a InGaAsP/lnP SLD 
operating at 1300nm, which utilises a light diffusion surface placed diagonally on the active 
layer within the device to suppress the Fabry-Perot modes. Similar emission spectra (after 
suppression) to the one shown in Fig.3.22 have been reported. Fig.3.23 shows the spectrum 
of the fibre output for several driving currents, around the operating wavelength region of the 
FBGs (837nm). The Fabry-Perot resonance clearly appears for driving currents >62mA. 
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Fibre Coupler 
The fibre coupler (Gould!) is used to drive the reflected spectrum from the grating into the 
spectrometer. The characteristics are given in Table 3.11. One of the outputs is spliced to the 
sensor fibre. the other one is not used and is index matched. 
split ratio (%) 50:50 
insertion loss 3.4 
(dB per output) 
operating range (run) 780-850 
fibre single mode at 780run. 
cladding diameter 125J.1.m 
Table 3.11: Optical specifications of the coupler 
CCD spectrometer 
We used the Ocean-Optics2 SD-1000 spectrometer which was available in the laboratory. It 
is an integrated spectrometer with a linescan CCD detector. The intensity of each pixel, 
which corresponds to a different wavelength inside the operating rage of the instrument, is 
acquired by an NO card3• The specifications of the spectrometer/acquisition board system 
are given in Table 3.12. 
grating (Iineslmm) 1800 
input slit (J.I.ffi) 10 
difraction efficiency (%) 30 
operating range (run) 790-860 
resolution (run) 0.1 
CCO detector 1024 pixel linear CCO array 
AID conversion 12bits 
maximum acquisition speed 12 
(scans/sec) 
Table 3.12: Spectrometer specifications as given in the instruction manual. 
The returned light from the FBG is launched into the spectrometer, which images the 
spectrum on the 1024 element CCO array. The principle of operation of the CCD detector is 
1 Gould Electronics Inc., Fiber Optics Division, 1121 Benfield Boulevard, Millersville, MD 21108 
USA. tel:(410)987-5600 
2 Ocean Optics Inc., 1237 Lady Marion Lane, Dunedin, FL 34698-5314, tel(813)733-2447 
3 National Instruments Lab-PC+ board. 
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described in DALSA Inc. (1995) databook. The CCD pixels integrate the amount of light 
incident during each integration perio~ which is determined by the acquisition speed. The 
camera settings and the acquisition of the pixel intensity is done by software written in 
LabVIE~. 
The maximum acquisition speed dermes the number of the full scans (1024 samples 
each, one sample per pixel) that can be taken using the specific data acquisition board. 
Replacing the board could increase the acquisition speed. However, even at 12sampJeslsec 
which can be obtained with the specific AID boar~ the signal to noise ratio of the measured 
spectrum is significantly reduced compared to slower acquisition speeds, resulting in lower 
accuracy of detecting the Bragg wavelength. Most of the experiments were taken by setting 
the acquisition speed equal to 6scans/sec. The performance of the FBG readout system will 
be described in detail in section 3.6.1. 
3.5.3 Fibre Bragg gratings 
The fibre Bragg gratings used in this study were fabricated at the BT laboratories I. The 
gratings were written on a Ge-dope~ single mode fibre at 800nm, cladding diameter 125J..UTI, 
made at BT. The method used was the tunable phase-mask interferometer metho~ presented 
in section 2.7.2. An intracavity frequency-doubl~ argon-ion Jaser was used to produce the 
UV beam, which gave approximately 110m W continuous power at 244nm. The operation of 
this laser is described by Kashyap (1999, pp.l04-105). The protective polymer coating of the 
fibre was stripped2 and aligned in front of the interferometer, which was tuned to the desired 
Bragg wavelength. The exposure time varied between 3min and 10min at a constant power 
of 11OmW. 
Several gratings were written with this system. Table 3.13 shows the typical 
specifications of the gratings. The transmission loss. bandwidth, and Bragg wavelength were 
measured using the OSA. The length of the grating is determined by the length of the UV 
interference pattern. The given value is approximate, and is obtained by considering the 
diameter of the two UV interfering beams, which was 5mm. 
Transmission loss (dB) 1.5-8 
Bragg wavelength (run) 836.45-836.8 
Bandwidth (run) 0.3 
Length (mm) 5 
Table 3.13: Specifications of the FBGs. 
1 BT Advanced Communications Technology Centre, Martlesham Heath, Ipswich IPS 3RE. UK. 
2 Liquid stripper was used instead of the mechanical one in order to avoid damage of the cladding 
surface. In this case we applied 'OF Stripper-IO' for 2min, ~d then cleaned with a lens cleaning tissue 
and methanol. 
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Fig.3.24: Measured transmission (left) and reflection (right) spectra of a FBG. 
3.6 Bragg wavelength readout system 
The system used for the calculation of the Bragg wavelength, which composes of the CCD 
spectrometer and the PC with the appropriate hardware and software is described in detail in 
this section. Essential features of the system are: 
1. High accuracy in measuring Bragg wavelength shift. This requires that the CCD 
spectrometer is properly calibrated and the wavelength which corresponds to every pixel 
is accurately known. A calibrated readout system is necessary in order to derive the 
actual response of the sensor under test. This particular CCD spectrometer was 
calibrated by the manufacturer, but we also measured its response as a part of the entire 
optoelectronic system shown in Fig.3.21, and using one of our gratings. 
2. The wavelength resolution of the system should comply with the shear and vertical stress 
resolution expected from the stress transducer (5kPa. section 2.3). 
3. The system should be fast enough to enable real-time measurements. Ideally the system 
should have an acquisition speed ~OOHz for dynamical measurements, which is far 
above the capability of this particular system. However, for low frequency 
measurements presented in this study, a slower and more cost effective system could be 
used. 
4. Robust and reliable system. The readout system was used for more than two years. and 
the reliable performance should be assured. The small size and weight, as well as the 
integration of the CCD detector and spectrometer into a compact device were advantages 
of the particular system. 
The Bragg wavelength detection and the resolution enhancement are described in section 
3.6.1. The experimental testing of the wavelength resolution is given in section 3.6.2. The 
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calibration procedure and the experimental derivation of the Bragg wavelength shift due to 
axial strain of the grating will be presented in section 3.6.3. 
3.6.1 Bragg wavelength peak detection. 
The Bragg wavelength is calculated by processing the data received by the CCO detector 
using Labview~ software. Two programs have been developed and used throughout the 
experiments. The fIrst one displays in real time the reflection spectrum of the FBG, and 
calculates the Bragg wavelength. The acquired spectra can be stored for further processing. 
A typical screenshot of the program is given in appendix II4 picture 1. The second program 
calculates and displays the Bragg wavelength shift with respect to a reference wavelength. 
The reference wavelength was measured before each experiment by measuring the Bragg 
wavelength of the sensor grating under test when no stress was applied on the sensor, for a 
period of a few seconds (lOs). The average value was then inserted as the reference 
wavelength in the program. A typical screenshot of the program is given in appendix III, 
picture 2. 
The data are collected in 1024-element vectors, where the index of each element 
represents the pixel location. The value of the element gives the intensity of the incident light 
of the pixel. The value varies in the range -2000 to +2096, limited by the 12-bit byte length 
of the NO conversion. The precise wavelength which corresponds to each pixel is given byl: 
A=-3.4562·10-si2 +O.l05li+788.7618 (3.19) 
where i is the index of the vector element (location of pixel), and A the optical wavelength. 
The accuracy of measuring the Bragg wavelength using a CCO spectrometer system is 
limited by the resolution of the bulk optic diffraction grating, and the number of pixels of the 
CCD array. If for example, we calculate the Bragg wavelength by rmding the pixel location 
where maximum intensity is observed, and then applying eq.(3.19), resolution equal to 
O.lnm could be achieved. For this particular spectrometer, the resolution is limited by the 
diffraction grating (O.lnm), not from the number of pixels. This can be understood by 
considering the wavelength spread on the CCD active area (790 to 860nm) and the number 
of pixels (1024). This gives the wavelength separation between adjacent pixels: 70nml(1024-
1) :O.07nm, which is an order of magnitude smaller than the diffraction grating resolution. 
This is an approximate value of the wavelength separation where linear wavelength 
distribution was assumed, not the actual given by eq.(3.19). 
The resolution can be improved by using a deconvolution of the FBG spectrum and the 
pixel resolution of the spectrometer by processing a number of pixels around the expected 
peak wavelength. Ezbiri et al. (1998) have demonstrated the theoretical and experimental 
J The calibration was done by the Ocean Optics Inc., and the coefficients are as given in the data 
sheet. 
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results of resolution enhancement by comparing the Centroid Detection Algorithm (CDA), 
and the polynomial fit using the Least Squares Method (LSQ) for several signal to noise 
ratios (SNR) and number of pixels utilised. Wavelength resolution of -lpm was obtained by 
using LSQ for 5 pixels around the peak (LSQs). The method fits a quadratic polynomial to 
sequential pixels of the peak region. which approximates the FBG reflection spectrum. 
3.6.2 Measurement of the wavelength resolution 
LSQs was selected for the Bragg wavelength detection. However, lower resolution was 
observed during our experiments compared to the expected (1 pm), due to the insufficient 
SNR of the acquired data. This is mainly caused by the low integration timet, and by the 
absence of averaging, which were both set to the minimum values in order to increase the 
readout speed. Setting the integration time to minimum (40ms) and no averaging was the 
only way of increasing the acquisition speed above 2scanslsec. 
For the experimental evaluation of the wavelength resolution, one FBG was connected 
to the readout system. The transmission loss of this particular grating was -4dB. No axial 
strain or temperature variation was applied on the grating during the measurements. The 
driving current of the SLD source was 82mA. Setting the integration time to 40ms and the 
acquisition speed to 4scans/s, we measure the reflected spectrum, which is shown in 
Fig.3.25. The intensity fluctuation of the pixel with the maximum intensity due to noise is 
also shown on the same figure. This fluctuation results in random variation of the polynomial 
which is fitted using the LSQ algorithm, which in tum results in fluctuation of the detected 
Bragg wavelength shift, Fig.3.26. The SNR is defmed by: 
SNR = peak int ensity 
noise int ensity 
(3.20) 
which gIves SNR.::6. The maximum error in measuring the Bragg wavelength is 
approximately ±1Opm. Hence, the minimum wavelength difference that can be measured is 
20pm. This value defines the actual resolution of the readout system. 
Fig.3.27 to Fig.3.32 show the measured spectrum, intensity fluctuation, and Bragg 
wavelength fluctuation for different acquisition speeds and source currents. Following the 
same procedure as described above, the actual wavelength resolution of the system can be 
calculated. Table 3.14 summarises the measured resolution for the four different 
combinations of source current and scanning speed which were examined. 
J the time interval that the photoelements (pixels) are allowed to collect the electric charge generated 
by the incident light. (DALSA Inc.,1995, p.16). 
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It must be mentioned that the driving current was always set to maximum current 
throughout the experiments in order to get the highest possible SNR and hence the best 
resolution. In this experiment it was reduced to 62mA 1 in order to simulate optical losses of 
the reflected light due to unequal reflectivity and/or spicing losses when different FBGs are 
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Fig.3.26: Bragg wavelength fluctuation at 4scansls, source current 82mA. 
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Fig.3.29: Reflection spectrum (left) and peak intensity fluctuation (right), at 12scans/s, source current 
82mA. 
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Fig.3.32: Bragg wavelength fluctuation at 12scans/s, source current 62mA. 
i 
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max intensity max peak measured 
Settings SNR fluctuation detection error resolution 
(counts) (run) (run) 
4scans/s 6 10 ±{).010 0.02 
82mA 
4scans/s 2.6 7 ±{).045 0.09 
62mA 
12scans/sec 2.8 7 ±{).040 0.08 
82mA 
12scans/sec 1.5 5 ±{).050 0.1 
62mA 
Table 3.14: Measurement of wavelength resolution for different acquisition speeds and source 
currents. 
3.6.3 Experimental testing of the Bragg wavelength shift due to 
axial strain on the FBG 
It has been mentioned (section 2.7.3) that the application of axial strain on the FBG produces 
Bragg wavelength shift which is proportional to the applied stain. The rate of change of the 
wavelength shift due to strain depends on the Bragg wavelength of the grating (eq.2.5). It is 
therefore expected that. if the FBG is subjected to axial strain, the wavelength shift measured 
by the CCO spectrometer and the peak detection algorithm should provide a linear 
relationship with the axial strain. Deviation from the expected linear response can be 
observed due to several factors, which reveal the need for experimental calibration of the 
Bragg grating strain sensor and the readout system before using it for measuring the sensor 
perfonnance. Those factors, together with other reasons for testing the readout system are 
listed below. 
1. Temperature fluctuations during the measurements introduce shift in the Bragg 
wavelength (eq.2.5). Since no temperature compensation can be done by the readout 
system, errors in measuring the grating response to strain will be introduced. The 
experiment was done on the same optical table were the sensor measuring apparatus is 
installed, and the temperature was monitored throughout the calibration procedure. 
2. The intensity of light which illuminates the gratings varies with wavelength due to the 
Fabry-Perot resonance in the SLO source, as explained in section 3.5.2. Since the 
bandwidth of the grating (-D.3run FWHM) is comparable to the period of the 
fluctuations (-D.3run, Fig.3.23), not only the intensity of the reflected spectrum but also 
its shape is expected to vary as the Bragg wavelength shifts. The distortion of the 
reflected spectrum will cause error in the polynomial fit and peak detect algorithm. The 
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effect of this error and its importance will be experimentally measured by examining 
possible periodicity (at -0.3nm) of the nonlinearity on the Bragg shift - axial strain 
curve. 
3. If the expected linear response is observed, then an expression between the wavelength 
shift and the applied strain on the fibre can be derived from the experimental data This 
expression will then be used throughout the experimental evaluation of the sensors. 
4. The FBG reflected spectrum under different values of axial strain will be recorded. 
Comparing those spectra with the ones measured from the embedded FBGs into the 
elastomer sensor, conclusions can be obtained regarding the effect of fibre embedding to 
the reflected spectrum, and hence for the stress distribution along the grating. This will 
be discussed in chapters 5 and 6. 
5. The axial strain on the fibre will be extended up to the maximum value of 2500J,1t, 
therefore the mechanical strength of the fibre will be experimentally tested. Even though 
the fibre is certified for strain up to 2500J,1t, the coating removal in the grating region 
reduces the strength of the fibre due to flaws on the silica surface (Olshansky and 
Maurer, 1976). UV exposure also reduces the mechanical strength of the fibre. Faced et 
al. (1997) conclude that the mean breaking stress of the fibre depends on the UV 
wavelength, by measuring the breaking stress after exposure to pulsed UV at 193nm and 
248nrn, the latter wavelength causing greater damage. However, the CW irradiation used 
for the grating fabrication causes only a small reduction of the breaking stress compared 
with a pristine fibre. The mechanical resistance of fibres exposed to pulsed or CW UV 
radiation is discussed by Varelas et al. (1997) where pulsed irradiation significantly 
reduces the mechanical strength compared to the CW exposure. 
Fig.3.33 shows the apparatus used to obtain the wavelength shift - axial strain of the FBG. 
The transmission loss of the FBG was measured to be -4dB and the Bragg wavelength 
836.6nm. The fibre was attached to two rods. One of them was mounted on an x-translation 
stage. The fibre length 6.£ was increased by rotating the positioning control of the stage. 6.1. 
was measured by reading the value on the control having a resolution 10J.Ul1. The fibre was 
slightly pres trained to 50J,1t to make sure that the fibre was straight. The air temperature 
close to the grating was measured by a thermocouple connected to a digital thermometer. 
The temperature resolution was 0.1 °C. The fibre spliced to the readout system which was set 
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Fig.3.33 : Experimental arrangement for the calibration of the Bragg wavelength readout system. 
The axial strain E is given by 6. leo, where eo= lm is the unstrained length of the fib re. 
Fig.3.34 shows the Bragg wavelength shi ft as a function of axial strain . ach data point is 
obtained by increasing 6.e so that wavelength shift approximately equaJ to 0.05nm is 
measured. The y-error bars show the 0.03nm error due to the wavelength resolut..ion. The 
I O!lffi accuracy in measuring e corresponds to 101l£ train accuracy. Linear response of the 
wavelength shift - axiaJ strain is clearly observed. The linear trendline give the Bragg hi ft 
- strain equation: 
6.A B = S I 5.6 . 10 ) E (3 .2 1 ) 
where E in IlE . 
The duration of the experiment was approx.imately 30mins. The ambient laboratory 
temperature during that time decreased from 24.10 to 23 .80 . The corresp nding Bragg 
wavelength shift is approxi mately -O .002n01 Ceq .2.S) . This shift was n t pos ible to be 
measured si nce it is an order of magnitude smaller than the wavelength re olution of the 
readout system. 
omparing eq .(3 .2 1) with eq.(2.9) for An=837nm , we conclude that the strain sensitivity 
of the FBG is approxi mately 25% lower than that measured by Kanell opoulo e/ 01. The 
measured difference in train sensitivity can be partly explained by a possible difference of 
the refractive index of the core between the two fibres . Thi s can lead to a variation o f the 
strain coeffic ient by a maximum of 20% . A second reason whjch could explain th e 
unexpectedly low response of the FBG in tru s experiment is the deformation of the fib re 
coating. The fibre is attached on the two rods without removing the fibre coating, and hence 
the stress is transferred on the fibre via the coating. Deformation of the coatin g would 
therefore result in lower actual elongation of the fibre compared to the measured 
rusplacement of the rods, resulting in lower Bragg wavelength shift . 
The axiaJ strain in thi s experiment increased up to 2800IlE without braking the fibre, 
which ensures that the fibre will withstand the theoreticaUy pre<ticted maximum strain during 
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the sensor operation. However, the fibre should be re-coated around the grating to avoid 
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Fig.3.34: Bragg wavelength shift as a function of axial strain. 
The reflection spectra as measured for every data point are plotted on the same graph, 
as shown in Fig.3.35. Periodic peak intensity fluctuation is clearly observed. Comparing this 
graph with the spectrum of the SLD source given in Fig.3.23 (top left), and measuring the 
period of the fluctuations which in both cases is approximately O.3nm, we infer that the 
fluctuation of the FBG reflection spectrum intensity is the result of the source Fabry-Perot 
resonance. However, no distortion of the reflected spectrum can be observed. This can also 
be verified by examining the wavelength shift - axial strain experimental data, Fig.3.34. The 
data points do not present periodic shift with respect to the linear trendline, or it is lower than 
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Fig.3 .35 : Reflection spectra at different strains, as measured on a FBG subjected to axial strain. 
3.7 Conclusion 
The experimental setup for the experimental evaluation of the sensor response to vertical and 
shear stress was presented in tills chapter. The optoelectronic system for the measurement of 
the Bragg wavelength shift of the FBOs was also presented. The calibration procedure of the 
stress measuring system showed linear response in the entire range of intere t (O-SON). The 
responsivity was measured to be 0.192VIN, and the resolution O.OlN to O.1SN, depending on 
the scale setting of the oscilloscope. This corresponds to stress resolution in the range O. lkPa 
to 2kPa, which is better than the required sensor resolution (SkPa). The accuracy in 
measuring displacement is limited by the micrometer resolution, wnich is equal to 0.1 ~m. 
The FBO readout system was also tested. Linear response was measured for axial strain up 
to 2800~ . The responsivity was found to be --O . 5pm/~, and tne wavelength resolution in 
the range 0.02nm to O.lum, depending on the source optical power and the acquisition speed. 
The suitability of the experimental setup for dynamic measurements was also tested. It was 
found that the system could be used for dynamic measurements up to 3Hz, limited by the 
acquisition speed of CCD spectrometer. Testing of the mechanical apparatus showed tnat it 
could be used for frequencies up to 10Hz. 
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In this chapter, a method for measuring biaxial shear stress using FBGs fitted in a metallic 
structure will be presented. The sensor body consists of two parallel metallic discs, separated 
by a number of metallic pins. Application of shear stress on the top surface causes lateral 
displacement of the upper disk with respect to the lower one. The pins are deflected in a way 
similar to the elastic deflection of a beam fixed at both ends when shear forces are applied on 
its ends. The relative movement of the upper disk with respect to the lower one produces 
elongation or contraction of the prestrained FBGs which are flI11lly attached between the two 
disks. Measuring the Bragg wavelength shift from the two FBGs, the magnitude and 
direction of the shear stress can be calculated by solving a system of two equations. 
The theoretical design of the sensor is based on the theory of elastic bending of beams. 
The aim of the design was to estimate the dimensions and the Young's modulus of elasticity 
for the metallic pins in order to achieve maximum sensitivity of the sensor in the required 
operating range, and to prevent breakage of the fibres due to overstraining. 
The chapter begins with a brief presentation of the theory of the elastic bending of beams, 
section 4.1. Each metallic pin of the sensor will be considered as an elastic column fixed at 
both ends, and the deflection of the upper end due to vertical and shear stress will be 
examined using the theory of elasticity. The theoretical design of the sensor will be described 
in section 4.2. The experimental evaluation will be presented in section 4.3. Two enlarged 
versions of the sensor (40mm diameter and IOmm thick) where tested by applying low-
frequency shear stress pulses and measuring the pin deflection for different directions of 
shear. One FBG was then installed in the enlarged structure and the FBG response was 
measured. Finally, the results from measuring the elastic behaviour of an actual-size sensor 
(lOmm diameter and 3.5mm thick) will be presented. 
4.1 Background theory 
In this section we present some basic issues of the elastic bending of beams theory. Only 
those that are directly relevant to the sensor design will be described in detail. Many 
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textbooks have been written on the mechanics and strength of materials, where the reader 
can fmd more detailed information on beam bending under several loading conditions. In 
this analysis we follow the same notation as used by Timoshenko and Gere (1973, pp.190-
210), in order to derive an expression for the deflection of the free end of a beam under shear 
load. The effect of axial load on the beam deflection, as well as the defonnation of the beam 
due to buckling will also be described. 
4.1.1 Deflection of a cantilever beam 
T 
L 
Fig.4.1: Deflection of a cantilever beam under shear load 
A linearly elastic cantilever beam flxed at the lower end is shown in Fig.4.1. The deflection a 
of the point B under shear force Fib which is applied horizontally. is given by (Timoshenko 





where L is the length, E is the Young's modulus, and I is the moment of inertia of the cross-
sectional area with respect to the neutral axis of the beam 1. The equation above is accurate 
for small deflections, where the shear force can be considered tangential to the end B of the 
beam. For larger deflections, the horizontal force must be analysed to a tangential and a 
normal component to the cross-section area of the beam at point B, and the a xial extension 
must also be taken into account, as will be explained in section 4.1.3.2. 
For a beam having a solid, circular cross-section of diameter d, the moment of inertia of 




1 The moment of inenia of the cross-section area around a neutral axis is also called second moment 
of area (Timoshenko and Gere 1973, pg.S44). Referring to Fig.4.1, for a circular cross-section of the 
beam, the neutral axis is parallel to the z-axis and passes through the centre of the cross-section. 
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The second moment of area given by eq.( 4.2) should not be confused by the polar moment of 
inertia of a mass, which is sometimes given the same symbol!. 
The angle of rotation eb at the free end B is given by: 
e _ Fsb L2 
b - 2EI 
4.1.2 Deflection of a beam fIXed at both ends 
(4.3) 
The calculation of the deflection of a long, linearly elastic beam, when both ends are fixed 
and a shear force is applied to one of its ends, is more complex than the case of the cantilever 
beam described previously. In this section, we assume that the beam is fmnly supported 
between 2 surfaces, as shown in Fig.4.2. The top surface is able to move laterally with 
respect to the lower one under shear force, in a way that the two surfaces always stay parallel 
to each other. The forces and moments acting on the contact region between the beam and 
the surfaces are responsible for the elastic deformation of the beam. 
In the following analysis we assume that shear force F sb is the only external force 
applied on the top surface. The effect of vertical load will be examined in section 4.1.3. We 
also assume that the displacement 5 of the top surface is very small compared to the length L 
of the beam. Therefore, the distance between the two surfaces can be considered constant 
and equal to the length of the beam. 
Due to the static equilibrium of the beam, the summing of all the forces on the X-axis 
must be zero, therefore: 
(4.4) 
where R. is the reaction at point A. Furthermore, the summing of the bending moments about 
an axis through the cross section at point B must also be zero: 
R L-Mb-M =0 a a (4.5) 
where M. and Mb are the bending moments at the fixed points A and B respectively. 
Similarly, at any distance y from point ~ the bending moment will be given by: 
-M+R y-M =0 a a (46) 
where M is the bending moment at y. Eq.( 4.5) and eq.( 4.6) give: 
M=Ray-RaL+Mb (47) 
The deflection u is calculated by integrating the differential equation for the deflection curve 
of the beam, given by (Timoshenko and Gere, 1973, pg.l92): 
d2u M 
dy2 =-Ei (4 8) 
Eq.(4.8) is used with the following sign convention: (1) the X and Y axis have the positive 
directions shown in Fig.4.2, (2) the deflection u is positive when in the positive X direction, 
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and (3) the bending moment M is positive when it produces compression on the left-hand 








Fig.4.2: Deflection of a beam fixed at both ends under shear load. 
Integration gives: 
du Ra 2 RaL-Mh C 
-=--y + Y+ I dy 2EI EI 
(4.10) 
It can be seen from Fig.4.2 that, for small deflections, du/dy is equal to the angle e between 
the tangent to the beam at y and the Y axis. A second integration gives: 
u(y)=- Ra y3 + RaL-Mb y2 +C y+C 
6EI 2EI 1 2 
(4.11) 
The reaction R. is equal to the applied shear force F~h (eq.4.4). Therefore, there are three 
unknowns in equations (4.10) and (4.11), the bending moment Mb and the constants C1 and 
C2• and three boundary conditions: 
i) u(O) = 0 
ii) 8(0) = 0 
iii) 8(L) = 0 










The displacement 0 of the top end of the beam (point B) is given by substitution of eq.(4.13) 





Comparing eq.(4.14) with eq.(4.1), we notice that the deflection of the free end of a 
cantilever beam is 4 times larger than the deflection of the top end of the same beam under 
the same shear force when both ends are fixed. 
4.1.3 Effects of vertical load on beam deflection 
In the preceding sections we assumed that the shear force was the only force acting on the 
top end of the beam. Application of vertical load on the top end will produce axial 
compression of the beam due to elasticity, as will be discussed in section 4.1.3.1. When the 
vertical force is applied together with shear, additional deflection of the beam due to the 
vertical force will occur. This effect is described in section 4.1.3.2. For large values of 
vertical load, the beam bends and deflects laterally due to the buckling effect, which is 
explained in section 4.1.3.3. 
4.1.3.1. Vertical compression of beam 
A vertical force Fv is applied to a linearly elastic cantilever beam as shown in Fig.4.3. TIle 
reaction at the fixed end is the vertical force Rv. The compressive axial strain &y on the beam 




Fig.4.3: Beam compression due to axial load 
(4.15) 
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where CJy is the vertical stress. Asswning unifonn distribution of stress on the cross section 
area A of the beam. we obtain: 
Fv 
CJ =-Y A 
For a circular cross section with diameter d, eq.(4.16) gives: 
4Fv 
CJ =--





The vertical compression Oy is given by: 
o =£ L= 4FvL 





By convention, an axial force is considered positive when it produces extension of the beam. 
In this particular case, Fy produces compression of the beam, so it is negative. It can be seen 
from eq.(4.l8) and eq.(4.19) that the axial strain and axial deflection of the beam are also 
negative. 
4.1.3.2. Simultaneous vertical and shear load 
We will now assume that the linearly elastic cantilever beam is subjected to the vertical and 
shear force simultaneously, as shown in Fig.4.4. For small deflection 0 we can assume that 
the shear force F sh is responsible for the lateral deflection of the beam, as given by eq.( 4.1), 
and the vertical force Fy is responsible for the axial compression of the beam, as given by 
eq.(4.l9). However, more accurate estimation of the deflection of the beam can be found by 
considering the angle of rotation eb and analysing the shear and vertical forces to axial and 
tangential components. In this case, the contribution of both shear and vertical force in the 
axial and lateral deflection of the beam is taken into consideration. 
For the shear force, the axial and tangential components respectively are: 
Fsh,t = Fsh cose b 










The summing of the axial components will produce compression or extension of the beam 
(as given by eq.4.19), depending of the sign of the total axial force l:F.: 
(4.24) 
The lateral deflection of the beam can be calculated using eq.(4.l), where Fsh in this case is 
the total shear force LFt: 
(4.25) 
In the special case were Fv is always negative, i.e. produces axial compression of the 
beam, as shown in Fig.4.4, Fsh•b and Fv•1 have always the same sign. Therefore. the lateral 
deflection given by eq.(4.1) will be increased as a result of the vertical load. 
The preceding analysis gives a better approximation for the deflection of a cantilever 
beam under simultaneous shear and axial load, compared to the simple superposition of the 
deflection due to shear (section 4.1.1) and vertical force (section 4.1.3.1). In many practical 
designs, especially when the expected deflection is small compared to the length of the beam 
the error can be tolerated. However. if the deflection of the free end of the beam must be 
calculated precisely, or an analytical expression for the deflection curve is required, then it is 
necessary to follow the analysis given in section 4.1.2. 
4.1.3.3. Buckling of beams 
When a beam is subjected to axial compressive load, it may bend and deform laterally. This 
effect, which is known as buckling of beams, can be observed in a long beam compared to its 
diameter when the axial load is greater than a critical value. Buckling is a very important 
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issue when designing structures with beams or columns, since it can lead to pennanent beam 
failure. The defonnation introduced by buckling can be elastic or inelastic, depending upon 
the slenderness of the beam. More infonnation on buckling of beams can be found in 
textbooks related to beam and column structures design (Timoshenko and Gere, 1973, 
pp.368-396, Timoshenko, 1969) where many examples for different beam shapes, end 
supports, and axial loads have been examined. 
Let us now consider a long, elastic beam fixed at both ends (see also section 4.1.2), 
which is compressed by a centrally applied force (a load acting through the centre of the 
cross section), as shown in Fig.4.5. 
Fig.4.5: Buckling of beam with fixed ends 
The critical load Per for this beam is given by (Timoshenko and Gere, 1973, pg.378): 
p = 41t2EI 
cr L2 (4.26) 
If the vertical force on the beam is less than the critical load, the beam remains constant 
and undergoes only axial compression (see section 4.1.3.1). In this case, if a shear force is 
applied and a small deflection is occurred, the beam will return to its straight form when the 
shear force is removed. If, however, the vertical force is equal or larger than the critical 
value, then the beam will have a small deflection similar to the one shown in Fig.4.5. A 
small shear load will produce further deflection which does not disappear when the shear 
load is removed. In that case, it is possible that the beam will collapse. 
If the axial load is extremely small in comparison with the critical load (less than 20/0. 
Timoshenko and Gere, 1973, pg.371), then the effect of buckling can be neglected and the 
usual beam deflection equations described in the previous sections may be used. 
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4.2 Sensor Design 
In the following sections, the method for measuring shear stress by proper arrangement of 
FBGs in an elastic structure, as well as the theoretical design of the sensor will be presented 
in detail. The main objectives of the theoretical analysis are: 
1. To examine the applicability of the method for the implementation of a sensor which 
would be able to satisfy the specifications set in section 2.3. 
2. To calculate all the mechanical parameters of the sensor 
3. To derive a mathematical model for the calculation of the stress under measurement via 
the Bragg wavelength shift, in other words to detennine the sensor transfer function. 
4. To predict any significant drawbacks of the method that could lead to rejection of the 
method before proceeding to the laboratory testing. 
The main objective of the following analysis was to estimate the mechanical parameters 
of the sensor (material properties, arrangement of fibres, and structure dimensions), in order 
to fabricate the sensor and proceed to the experimental evaluation of the method. Since the 
precise detennination of the behaviour of the sensor structure was not our first priority at this 
stage, the theory of elasticity, as it was presented in section 4.1, could be applied by 
considering a simplified model of the sensor. Any asswnptions and simplifications made 
during the sensor design will be identified in the next sections. 
The principle of operation and the general description of the sensor will be presented in 
section 4.2.1. The design continues with the calculation of the mechanical parameters of the 
sensor structure for optimum performance, section 4.2.2. Other issues discussed in section 
4.2.2 are i) the theoretical prediction of sensor response to unidirectional shear stress using 
only one FBG, and ii) the effect of vertical stress on shear response. The design continues 
with the mathematical analysis of a sensor having 2 FBGs fitted in the sensor body, in order 
to derive the system of equations for the determination of the magnitude and direction of the 
applied shear stress. This is discussed in section 4.2.3. 
4.2.1 Principle of operation and general description 
The strain sensing elements used in tIns method are fibre Bragg gratings. Since Bragg 
wavelength shift is caused by axial strain on the fibre, it is apparent that, in order to measure 
shear stress applied on the sensor active surface, strain must be transferred from the surface 
to the FBG. The sensor body must therefore be able to deform elastically, causing elongation 
or contraction of the FBG, which is firmly fixed inside the sensor. 
An essential requirement is that the sensor will be able to measure shear at any direction 
parallel to the active surface, in other words the magnitude and direction of shear stress must 
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be resolved from the measured Bragg wavelength shift. Therefore, more than one FBG will 
be necessary in order to calculate both magnitude and direction. 
In order to achieve equal sensitivity of the sensor at any direction of shear, it is 
necessary to ensure that the sensor structure undergoes the same deformation at any direction 
of shear, for constant magnitude of shear stress. This behaviour could be expected by a 
structure made of an isotropic1 material, which has an axis of symmetry perpendicular to the 
active surface of the sensor. 
fibre 
jlower disk (a) 
(b) 
Fig.4.6:Generai diagram of the sensor. (a) at zero state, (b) under shear stress. 
Fig.4.6(a) shows a side view of a sensor structure that complies with the above 
requirements. The fibre placement is also shown. The sensor body consists of two parallel 
disks held together by cylindrical pins. The fibre is fmnIy flXed on the lower disk at point A, 
and on the upper disk at point B. Application of shear stress on the top surface causes lateral 
displacement of the upper disk with respect to the lower one, Fig.4.6(b). The pins are 
deflected in a way similar to the deflection of a beam fixed at both ends and shear force is 
applied to one of its ends (section 4.1.2). Assuming elastic deformation of the pins, the upper 
disk will return to its initial position when shear is removed. 
The deflection of the upper disk causes point B to move laterally. If the lower disk is 
fixed, then point A is stationary. Therefore, the length of the fibre between the two disks, 
which is equal to the distance between points A and B, will vary according to the applied 
shear stress. The induced strain on the fibre can be calculated by measuring the Bragg 
wavelength shift of the FBG. which is located between points A and B. 
1 a material which has the same elastic properties in all directions (Hull and Clyne, 1996, pg.82). 
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Referring to Fig.4.6, application of shear towards the right-hand side causes extension 
of the FBG. When shear is applied towards the left-hand side, the length AB is decreased. It 
is clear that, in the later case, strain can be measured if only the fibre is pre-strained at zero 
state (under no shear load). 
4.2.2 Mechanical design 
The main objectives of the design are: 
1. The choice of the material for the two disks and the pins. 
2. The detennination of the maximum permitted horizontal displacement of the top disk so 
that the strain on the fibre will always be below the safety limit (+2S00J.1&, section 3.6.3). 
3. The calculation of the pin diameter. 
4. The determination of the dimensions for every part of the structure. 
5. The elimination of the effect of vertical stress on the sensor performance. 
The above issues are described in the next subsections. 
4.2.2.1. Choice of materials 
Regarding the construction of the disks, it is important to select a hard material (high 
Young's modulus) so that they will not deform elastically or plastically under the application 
of vertical or shear load. Any deformation of the disks will affect the deflection of the pins, 
since unpredictable bending moments will appear on the joints between the pins and the 
disks. 
Fig.4.7 gives some examples of possible modes of sensor failure due to disk 
deformation. It is assumed that the pins are flrmly flxed on the lower disk, which is made of 
an ideally incompressible material. Case (a) can be observed when the top disk is made of a 
relatively soft material, or when the disk thickness is very small. The disk wiIl then be 
deformed under vertical stress in a way similar to a diaphragm. Bending moments will be 
introduced on the pins as the result of the disk bending, therefore neither of the models of the 
cantilever beam (section 4.1.1) or of the beam fixed at both ends (section 4.1.2) could be 
applied. The former model requires free upper end (no bending moments), and the later 
requires fmnly supported ends (no rotation of upper end). In case (b), application of vertical 
load causes vertical compression of the disk in the contact region. This can happen when the 
disk material has a low E modulus. The distance between the two disks h' will be a function 
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FigA.7: Some examples of sensor failure due to incorrect choice of disk material. 
The effect of shear stress on the disk defonnation is given FigA.7 (c) and (d). In 
case (c) the disk is defonned in the contact region with the pin, causing rotation of the pin 
axis with respect to the perpendicular to the disk surface. This effect can be observed when 
the material used for the disk is softer compared to the one used for the pins. The estimation 
of the pin deflection in this case is comple~ since the reactions on the pins cannot be 
calculated without knowledge of the stress distribution at the interface region. which is not 
always known. In case (d) the deflection of the pins will be affected by the defonnation of 
the top disk due to shear stress. This situation may occur when the disk thickness is small 
compared to its diameter. 
In practice, more than one of the problems mentioned above could exist simultaneously, 
reducing the accuracy of the sensor in measuring the shear stress. Furthennore, the stress 
distribution on the top disk, which is considered unifonn throughout this study, is generally 
not known. 
Choosing a highly stiff material can reduce the effect of the problems stated previously. 
However, stiff materials have the drawback of difficult processing, therefore the hardness 
has to be compromised. The fabrication of the sensor requires accurate drilling in order to fix 
the pins on the disks. It is therefore necessary to select a material which is easy to be 
processed in an ordinary mechanical workshop. The stiffuess of some typical engineering 
materials in tenns of Young's modulus is given in Table 4.1. 
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Another important factor on selecting the material is its compatibility with at least one 
of the commercially available adhesives, since the optical fibre will be glued to the surface 
of the disk. 
Based on the required properties mentioned above, stainless steel was fmally chos~ 
since it offers the properties mentioned above, it is relatively cheap, and easily available. 
Material SiC Steel Ti Si02 AI alloy PVC Hard High Density 
Epoxy Polyethylene 
E(GPa) 450 190-220 110 72 70-80 4.1 2-4 1.2 
Table 4.1: Modulus of elasticity for some popular engineering materials (Charles et al .• 1997; 
Budinsky. 1999). 
The choice of the material for the fabrication of the pins is also very important, since their 
performance under shear will determine the specifications of the sensor. Linear elasticity and 
isotropy are essential properties to assure elastic bending under shear. The material should 
enable the easy fabrication of the relatively small diameter pins. A material that is 
commercially available directly in the form of rod or wire at the desired diameter would be 
ideal. It should also enable easy and robust joint with the material of the disks. 
Again, metals have significant advantages with respect to the above characteristics, 
compared to polymers. Stainless steel (E=200GPa) was finally chosen because it is not 
affected by corrosion, and can be purchased in rod or wire form at the desired cross section 
diameter. 
4.2.2.2. Calculation of the maximum allowable deflection of the top 
disk 
Let us now consider a vertical section of the sensor which passes through the centre of the 
disks, as shown in Fig.4.8. The diagram is simplified for the purpose of the following 
theoretical analysis. We assume that the pins are made of a linearly elastic and isotropic 
material with Young's modulus E, and that they are firmly fixed on the disks. A FBG is pre-
strained and firmly fixed on the disks, in a way that no relative movement of the fibre with 
respect to the lower and upper disk is possible at the contact points A and B respectively. 
In the following analysis we will also assume that (1) only one FBG is fitted in tile 
sensor, and (2) the vector of shear stress tyx lays on the same vertical plane as the fibre (plane 
ABC, Fig.4.8). This is the case where shear stress produces the maximum strain on the fibre 
due to the displacement of the top disk, as it will be shown in section 4.2.3 (eq.(4.96) for 
00=0). 
Due to the cylindrical cross section of tile pins, the deflection of the top disk is expected 
to be insensitive to tlte direction of the applied shear stress. Therefore, the equations derived 
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in this section could also be applied for an FBG which lays on any vertical plane which 
passes through the centre of the disks. 
As mentioned previously (section 4.2.1), the fibre is pre-strained in order to enable the 
measurement of shear stress at both directions. We also know that, for safe operation of the 
FBG strain sensor, the axial strain on the fibre must not exceed 2500~. Therefore, there is a 
maximum allowable displacement Smax of the top disk. Larger displacements than Sma" will 
increase the risk of fibre breakage. Since the disk movement is caused by the shear stress 
applied on the top surface, there is a maximum allowable value for the shear stress, 'tyx ... 
that could be measured by this sensor. The main objective of the following analysis will be 
to find an expression for Smax as a function of the sensor geometry. 
When the applied shear stress causes reduction of the fibre length, the strain on the fibre 
win be reduced. That win happen when 'tyx has opposite sign compared to the one shown in 
Fig.4.8. The maximum value of shear stress that can be measured corresponds to zero strain 
in the fibre. Larger shear stresses than the above limit cannot produce compression of the 
fibre, since it is free to bend due to gravity, hence no strain will be introduced on the FBG, 
and the shear stress will not be detected. The operating range of this sensor is therefore 
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Fig.4,8: Theoretical model of the sensor for the calculation of maximum allowable displacement. 
based on bending of beams fixed at both ends, 
For equal dynamic range in both ways of shear. the fibre must be pre-strained to half 
the value of the safety factor, prior to fixing the fibre. Therefore, under no shear stress on the 
top disk, the strain on the fibre must be Ej=1250J,l.&. 
Let i. be the length of fibre between A and B. From the right angle ACB we obtain: 
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(4.27) 
where r is the disk radius, and g is the vertical projection of the bonded length of the fibre. 
By definition, the strain &1 will be given by: 
it -io &1 = 
1.0 
(4.28) 
where I. 0 corresponds to the unstrained length of the fibre. Application of shear stress 'tyx 
causes horizontal deflection of the top disk by a. The new length of the fibre 1.2 will be: 
Let &2 be the fibre strain at the new location. It will be given by: 
1.2 -to &2 = 
to 
The fibre strain has been changed by: 





Since &2 gets values in the range 0 to +2500J.l&, the strain change 6& varies between -1250 to 
+ 1250J.l&. Eq.( 4.31) gives: 
t2 = tl +t06& 
Solving eq.(4.28) for to and substitution to eq.(4.32) gives: 
1.2 =tl(I+~) 1+&1 
Eq.(4.27), eq.(4.29), and eq.(4.33) give: 





We already know (eq.2.9 for 6T=0) that the axial strain change on the fibre is related to the 




Substitution into eq.(4.34) gives an expression for the displacement a with respect to the 
Bragg wavelength shift 6A.B: 
a= [4(r- g)2+ h2(1+ 6(8 ))2 _h2 -2(r-g) 
0.81.. 8 1+&1 
(4.36) 
The maximum allowable displacement amax can be calculated by eq.(4.34) for 
6&=6&max=1250J.l&, and it is determined by the dimensions of the sensor: 
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(4.37) 
Solving eq.(4.34) for ~& we obtain an expression of ~& as a function of the displacement 0: 
~&=( [2(r-g)+of +hz -1)(1+&1) 
4(r-g)2 +h2 
(4.38) 
4.2.2.3. Estimation of pin diameter 
The value of omax which is given by eq.(4.37) will be used for the detennination of the pin 
diameter. We have already mentioned (section 4.2.2.2) that the pins are made of a linearly 
elastic and isotropic material and they are fmnly fixed to the disks. Shear load applied to the 
top disk will produce lateral deflection of the pins in a way similar to the deflection of a 
beam fixed at both ends, as described in section 4.1.2. The objective in this section is to 
calculate the pin diameter for a given length and pin material in order to obtain the required 
pin stiffness. 
The analysis presented in section 4.1.2 is valid for long beams, where the length of the 
beam is much greater than its diameter. However, this is not true in this case, since the length 
of the pins cannot be longer than a few millimetres, as limited by the desired sensor 
dimensions. Deviation between the theoretically calculated pin deflection compared to the 
experimental results, for a given pin diameter, is therefore expected. Since the main purpose 
of this study was to evaluate qualitatively the concept of measuring shear stress with the 
proposed sensor structure, we can tolerate the error introduced due to this unsatisfied 
assumption, and obtain an estimation for the required pin diameter. 
By the definition of shear stress, the shear force Fsh acting on the top disk wilJ be given 
by: 
where A is the disk area: 
The shear force per pin F;h is given by: 
A = 1tf2 
F' - Fsh sh- N 
where N is the number of pins. The top end of each pin will be deflected by (eq.4.14): 
, 3 






where h is the distance between the disks (pin length), and E and I the Young's modulus and 
moment of inertia of the pins respectively. Substitution ofeq.(4.2), eq.(4.39), eq.(4.40), and 
eq.(4.41) into eq.(4.42) gives: 
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16r2 h3t 5= y:< 
3NEd4 
(4.43) 
The maximum deflection will given by eq.(4.43) for tyx = tyx_ (=250kPa): 
16r2h3t 5 = yx ..... 
max 3NEd4 
(4.44) 
The condition for fibre safety requires that the maximum deflection given by eq.(4.44) must 
always be smaller or equal to the value given by eq.(4.37). Hence: 
(4.45) 
Solving eq.( 4.45) for d we obtain: 
(4.46) 
If the diameter of every pin is greater than the one given by eq.( 4.46), then the strain on the 
fibre will always be kept within the safety limit (£2S2500~), provided that the shear stress 
under measure does not exceed the maximum allowable value tyx_' In the special case 
where the pin diameter is equal to the one given by eq.(4.46), the entire operating range of 
the FBG strain sensor is used. which corresponds to the highest sensitivity of the sensor to 
shear stress. Hence, the equal sign in eq.(4.46) gives the pin diameter for optimum sensor 
perfonnance. 
4.2.2.4. Numerical application on sensor design 
The equations derived in sections 4.2',2.2 and 4.2.2.3 will be used to detennine the 
dimensions of every part of the sensor. The outer dimensions of the sensor are restricted by 
the specifications explained in section 2.3. According to those specifications, we set r=5mm. 
The total height of sensor is set to 3~ which is equal to the summing of the pin length and 
the disk thickness (Fig.4.8): 
h+2t=3mm (4.47) 
Both disks must have enough thickness to eliminate the problems shown in Fig.4.7(a) 
and (d). However, increasing the thickness 1, the length of the pins h must be reduced 
according to eq.(4.47), which in tum increases the error introduced by the application of 
beam bending theory for the estimation of the required pin diameter, as explained in section 
4.2.2.3. Choosing t=O.5mm, the pin length will be h=2mm. 
The maximum deflection will be given by eq.{4.34) for L\£=1250~. Substitution gives: 
5max =13~ (4.48) 
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As mentioned previously, maximum displacement will be observed for the maximum 
applied shear stress, 'ty:<...,. = 250kPa. Fig.4.9 shows the variation of the optimum pin 
diameter with respect to the number of pins, as this is given by eq.( 4.46), for different pin 
materials. 
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Fig.4.9: Pin diameter as a function of the number of pins N and E modulus for 4 materials having 
different E modulus. 
4.2.2.5. Grating response to shear stress 
In section 4.2.2.3 we have examined the relation between the maximum applied shear stress 
on the top disk of the sensor and the produced lateral deflection of the pins, which is given 
by eq.(4.43). Without considering the maximum values and solving the equation with respect 
to the applied shear stress, we obtain: 
3NEd4S 
t = ~5~ 
y:< 16r2h 3 
It is reminded that eq.( 4.50) is only valid for shear stress applied parallel to the vertical plane 
defmed by the fibre axis. The lateral deflection in turn is related with the induced strain 
change on the fibre by eq.(4.34). Substitution into eq.(4.50) gives: 
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3NEd
4 
( t ----yx - 16r2h 3 (4.51) 
Substituting ~£ from eq.(4.35) we derive the equation which relates the measured Bragg 
wavelength shift ~AB with the applied shear stress: 
tyx = 3~d: ( [4(r-g)' +h' 11+ t'R )A)2 _h 2 -2(r-g)1 
16r h \. 0.81+£1 B ') 
(4.52) 
Eq.(4.51) and eq.(4.52) show linear variation of the fibre strain change and Bragg 
wavelength shift, respectively, with the applied shear stress. This can be clearly shown by 
graphically presenting the above equations, Fig.4.10. Table 4.2 sununarises the values of all 
the constants appeared in the above equations and used for drawing the graph. as they were 
calculated in section 4.2.2.4. 
description symbol value unit 
Young's Modulus of elasticity E 200xl69 Pa 
of pin material (st. steel) (N/m2) 
pin length h 2xl0"J m 
pin diameter d O.4xlO"J m 
number of pins N 4 -
disk radius r 5xl0"J m 
disk thickness t 0.Sxl0~l m 
bonded length of fibre g lxl0~J m 
fibre strain at zero shear stress £1 1250xlO.Q strain 
Bragg wavelength AB 836.5 nm 
Table 4.2: Summary of the sensor parameters. 
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shear stress T)I¥ (kPa) 
FigA.I0: Sensor response to shear stress. The primary y-axis (left) shows the theoretical variation of 
the fibre strain ~e with respect to shear stress, as given by eq.(4.51). The secondary y-axis (right) 
shows the Bragg wavelength shift ~AB with respect to shear stress, as given by eq.(4.52). 
4.2.2.6. Effect of vertical stress on sensor performance 
All the necessary dimensions for the sensor construction are now known. However, before 
proceeding to the fabrication stage, it is important to examine theoretically the strength of the 
structure. In the previous analysis we considered tyx as the only stress applied on the sensor. 
We already know that vertical stress will also be applied during in-shoe shear stress 
measurements. Since the sensor presented in this chapter is capable of measuring shear stress 
only, the sensor must be insensitive to vertical stress. More specifically, the sensor structure 
must be designed in a way that (1) it withstands the maximum vertical stress on the top disk 
without any plastic deformation or, in the worst case, permanent damage of the structure or 
fibre breakage, and (2) it minimises the error due to the crosstalk with the vertical stress. 
The deformation of the sensor structure under vertical stress can be easily examined by 
approximating the pins with the model of the cantilever beam (section 4.1.1), instead of the 
more accurate, but also more complex model of the beam fixed at both ends which was used 
to describe the sensor response to shear (sections 4.2.2.2, 4.2.2.3). TIus model is given in 
Fig.4.11. Comparing eq.(4.1) and eq.(4.14), we conclude that the model shown in Fig.4.11 
overestimates the horizontal deflection. In other words, it describes a structure which 
exhibits lower shear stiffuess than the model of the beam fixed at both ends (Fig.4.8), and 
represents a worse case than the reality. Therefore, if we conclude that the model shown in 
Fig.4.11 withstands the vertical stress without permanent deformation, then we ensure that 
the actual sensor will also perform well. 
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FigA.l1(b) shows the deformation of the ~r when vertical stress CIy and shear stress 
'tyx are applied on the top disk simultaneously. The top end of the fibre (point B on the top 
disk) will be displaced horizontally by a and vertically by By. The vertical displacement is the 
result of the axial forces acting on the pins. The tangential forces acting at the free end of 
each pin cause the horizontal deflection of that pin. The shear and vertical forces on every 
pin can be analysed to axial and tangential components as described in section 4.1.3.2, and 
shown in Fig.4A. The dashed symbols are used to distinguish the forces acting on each pin 
from the total forces acting on the top disk. Hence, referring to FigAA, the angle of rotation 
Ob will be given by eq.( 4.3), which in this case can be written as: 
, 1 
o - 32Fshh 
b - 1tEd4 
where Fsh' is the shear force on each pin, given by: 
, 'tyxA 'tyx1tf 2 
FSh=N= N 




The total tangential force on each pin, given by (eqA.25): 
EF; = F;h,t + F~.t 






EFt = Fsh cosOb + Fv sin 0b (4.57) 
Similarly, the total axial force on each pin EF." can be found by combining eq.(4.24), 
eq.(4.20), and eq.(4.22): 
(4.58) 
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Fig.4.l1: Top disk deflection of (a) the ideal (incompressible) sensor, and (b) actual (compressible) 
sensor, under shear and vertical load. The pins are considered as cantilever beams. 
The maximwn angle of rotation Ob.max can be calculated by eq.(4.S3) using eq.(4.54), for 
'tyx='tyx,max=250kPa Substitution gives Ob.max=O.039rad (=2.2°). Since the angle of rotation Ob 
is small, we can write: 
cos9b ~ 1 
sin9b lI:f 0 
Hence, the total tangential force per pin can be approximated by (eq.4.57): 




Eq.(4.61) shows that the lateral displacement a is caused solely by the shear force acting on 
the top disk. The vertical compression Oy on the other hand can be asswned to be caused by 
the vertical force only, since eq.(4.S8) gives: 
(4.62) 
133 
CHAP1ER4 Metallic sensor 
It was mentioned in section 4.1.3.3 that a beam can be collapsed due to buckling, when 
the axial load exceeds a critical value. It is therefore important to ensure that the critical load 
of every pin in the sensor structure will be well above the maximwn expected vertical force 
in order to avoid permanent damage of the sensor. The critical load P cr of each pin is given 




Substitution gives Pcr=2480N. The maximwn axial force on every pin can be calculated by 
eq.(4.62) using eq.(4.55) for a y=ay,mu=500kPa, which gives l:F:,max=9.8N. This value is less 
than 0.4% of the critical value, therefore the structure will not collapse and the effect of 
buckling can be neglected (see also section 4.1.3.3). 
It is reminded that eq.(4.26) is valid for long beams, where the beam diameter is much 
smaller than its length. This condition is not satisfied, since the pin length is only four times 
larger than the pin diameter. The critical value calculated above is a rough estimation, which 
is accepted only because it shows a much greater value than the maximum expected vertical 
load. It is therefore reasonable to asswne that, even if the actual Per is significantly lower (for 
example one order of magnitude lower) than the estimated by eq.(4.26), it will still be larger 
than Fy' and the sensor structure will be safe. 
After examining the strength of the sensor structure to vertical stress, the next step is to 
predict theoretically the effect of vertical compression on the measured shear stress. As it can 
be seen from Fig.4.l1(b), application of both vertical and shear stress to the top disk will 
result in a different fibre length e;, compared to the fibre length e2 in the ideal case of a 
vertically incompressible sensor, Fig.4.11(a). Therefore, the measured strain on the FBG 
varies with the applied vertical load, which introduces error in measuring shear stress. The 
estimation of this error will be discussed next. In the following analysis we can return to the 
model of the beam fixed at both ends in order to obtain more accurate results, since the 
bending shape of the beam is not taken into consideration. The reference diagram, however, 
will still be the one shown in Fig.4.ll. 
First, we will consider the ideal case of the incompressible sensor, Fig.4.11(a). 
Application of shear stress will produce axial strain on the fibre, which will be given by 
eq.(4.38). Application of vertical stress does not alter the strain on the fibre, hence the 
measured shear stress tyx, as this is calculated by eq.(4.51), will not be affected by the 
vertical stress. 
Let us now consider the actual case of a vertically compressible sensor, Fig.4.lI(b). 
The new length of the fibre t; is equal to the length AD, and it is given by: 
t'2 = ~(h-oy y +[2(r-g)+o]2 (4.64) 
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The new strain of the fibre £' will be given by: 
, t'2- t O 
£2 = 
to 
The new fibre strain change /l£' is given by: 
" i~ -it 





Substituting fo from eq.(4.28), fl from eq.(4.27), and f; from eq.(4.64), we obtain: 
, ( h-oy + [2{r-g)+o]2 J( ) 
/l£ = -I 1+£1 
h 2 +4{r-g)2 
(4.67) 
The vertical compression Oy is given by eq.(4.19) where the vertical force causing the 
compression is l:F.': 
o = 4l:F~h 
Y 1tEd2 
Using eq.(4.62) and eq.(4.SS) we obtain: 




Eq.(4.67) gives the actual strain change on the FBG, which is caused by the presence of 
both shear and vertical load. This is the strain change, which is measured via the Bragg 
wavelength shift. Since the sensor was assumed incompressible while deriving the equation 
which relates the measured fibre strain change with the applied shear stress tyx (section 
4.2.2.S), the calculated shear stress Tyx' will differ from the actual one, and will be given by 
eq.(4.S1) for Ilt=llt': 
(4.70) 
Hence, the application of simultaneous shear and vertical load introduces error in 
measuring the shear stress, which is equal to the difference between T;. given by eq.(4.70) 
and Tyx given by eq.(4.S 1). The absolute percentage error will be given by: 
Iltyx I-It~ II 
error = IT yx I x 100010 (4.71) 
Eq.(4.71) is graphically presented in Fig.4.12 as a function of the applied shear stress. The 
three plots correspond to three different values of vertical stress, i.e. O'y.max. O'y.RIII/2 and 
O'y.m.J4. The graph shows that the estimated error is less than 5% for any value of vertical 
stress as long as the magnitude of shear stress is larger than 60kPa For smaller magnitude of 
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shear stress, the error is significantly increased as the magnitude of the vertical stress 
increases. 
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Fig.4.12: Theoretically estimated error in shear stress measurement due to the application of vertical 
stress. for 3 different values of vertical stress. 
The poor perfonnance of the sensor in tenns of measuring precision at small shear 
stresses can be improved by careful selection of the structure parameters. Due to the already 
small pin length h, we keep this parameter fixed to h=2mm. Reduction of the disk radius r 
would increase the risk of fibre breakage due to excess fibre bending at the points where the 
fibre enters and leaves the sensor. It is also important to keep the sensor radius small in order 
to achieve high spatial resolution in measuring in-shoe shear stress. For those reasons we 
keep the disk radius fixed to r=5mm. The remaining parameters are 1) the number of pins N, 
2) the pin diameter d, and 3) the E modulus of the pin material. The choice of those 3 
parameters will now be reconsidered in order to achieve both goals of fibre safety and sensor 
insensitivity to vertical stress. For that purpose. we will examine the maximum absolute error 
in measuring shear stress due to vertical compression of the pins, as this is defined by 
eq.(4.71). Based on the results shown in Fig.4.12, maximum error will occur when maximum 
vertical and minimum shear stresses are applied simultaneously. Those values are O'y=Cy•max 
(=500kPa), and tyx=5kPa The minimum shear stress is set by the desired shear stress 
resolution (section 2.3). 
Fig.4.13 shows the contour plot of the theoretically predicted absolute error in shear 
stress measurement. The plot is drawn by varying the pin diameter discretely from 1 to 20, 
and the E modulus from 80GPa to 220GPa with a step of lOGPa For every pair ofN and E 
values, the maximum absolute error was calculated by following the next steps: 
1. Calculation of the optimum pin diameter using eq.(4.46), (section 4.2.2.3). 
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2. Calculation of the horizontal deflection a, as given by solving eq.( 4.50) for a, using 
the pin diameter found in step l. 
3. Calculation of the vertical compression By as given by eq.(4.69), again for the 
optimum pin diameter found in step 1. 
4. Calculation of L\e and L\e' using eq.{4.38) and eq.{4.67), respectively. 
5. Calculation of'tyx. tY'" from eq.(4.51) and eq.(4.70), respectively. 
6. Calculation of the maximum absolute error using eq.(4.71). 
As it can be seen in Fig.4.13, the error can be reduced by selecting a high E modulus and by 
increasing the number of pins. For a sensor made of 4 steel pins (E=200GPa), having the 
optimum diameter ofO.4mm (eq.4.49), the expected maximum error is 60%. 
PREDICTED MAXIMUM ABSOLUTE ERROR (%) 
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Fig. 4.13: Maximum absolute error in measuring shear stress due to vertical stress. for different N and 
E values. The shear stress is assumed constant and equal to 5kPa. 
It is important to note that, any alteration in the sensor parameters shown in Table 4.2, 
requires the pin diameter to be recalculated in order to ensure that the FBG will not be 
overstrained under any shear stress between -250 to 250kPa, a condition which was 
discussed in section 4.2.2.3. This is executed in step I of the procedure above. 
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4.2.2.7. Effect of the fibre on sensor performance 
In the preceding theoretical analysis the presence of the prestrained fibre fixed to the disks 
was neglected. In this section. we will examine the effect of the prestrained fibre. We will 
assume that one fibre is fixed into the sensor, and that a shear stress 'tyx is applied parallel to 
the fibre, as shown in Fig.4.14. The pins will be deflected in the direction of increasing x, 
due to the shear force Fsh• From the static equilibrium of the top disk at the x-direction. the 
deflection ~' will be such that the overall forces acting on the top disk will be zero: 
(4.72) 
where Fp is the force applied by each of the four pins, and T" is the projection of the fibre 
tension T. In this section the displacement ~' will be calculated, and then compared with the 
displacement of the metallic structure without fibre attached on it, which was found in 
section 4.2.2.2. 
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Fig.4.14: The prestrained fibre applies the force T on the disk, which, in this case, opposes the applied 
force Fsh• 
Firstly, the horizontal component of the fibre tension Tot will be calculated. The length '-2' of 
the fibre when the displacement is equal to ~' is given by: 
(4.73) 
The axial strain on the fibre E2' will be given by: 
. l2 -to £2 =--:;"-"'-
'-0 (4.74) 
where eo is the unstrained length of the fibre. eo can be calculated since the length of the fibre 
eland the axial strain on the fibre tl for the unstressed sensor are known. As mentioned 
previously in section 4.2.2.2, EI=12S0J.1E and the length £1 is given by (eq.4.27): 
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(4.75) 
The length to is calculated from the equation: 
it-io il &1 = :.io =--eo 1+&1 
(4.76) 
The axial strain on the fibre &2' is also given by: 
(4.77) 
where crf is the axial stress at the cross-section area of the fibre, and Ec the modulus of the 
fibre. By definition, crris given by: 
T 
crr =- (4.78) 
Ar 
where At=m{ is the fibre cross-section area. Solving eq.( 4.78) for T, and substitution gives: 
T = crrAr = crrml = &~Erml 
The horizontal component Tx will be: 
I 2 Tx =TcosS=&2Er1tfr cosS 
Substitution of f2' (eq.4.73) to eq.(4.74), and then &2' to eq.{4.80), gives: 




The magnitude of the horizontal force applied by each pin F p. which opposes the external 
force Fsh, is given by (eq.4.14): 
F = 12Elo' 
P h3 (4.82) 
where 1 is the moment of inertia, given by eq.{ 4.2). The external shear stress F sh is given by 
(eq.4.39 and eq.4.40): 
(4.83) 
where r is the disk radius. Substitution ofeq.{4.81), eq.{4.82), and eq.(4.83) to eq.{4.72) 
gives: 
48~IO' + Erm;20coss ~[2(r-g)+0'P +h2 -'tyxm2 -Er1tf1 cosS=O (4.84) 
The above equation can be simplified using the following constants: 
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l; = tyx 7tf2 + Er7tfl cosS 
Substitution to eq.(4.84) and taking the square gives: 






Eq.(4.89) is a quadratic equation with respect to the unknown 0'. Only the solution which 
gives -13~0'S13J.UI1, where 13JlDl is the maximwn displacement calculated by 
considering the sensor structure only, section 4.2.2.4, is accepted. This solution is drawn in 
Fig.4.lS for -250kPaStyxS2S0kPa The other parameters are: EF72GPa, rF62.SJ.UI1, 
E=200GPa, d=O.4mm. r=Smm. g=lmm, t)=12S0J.1£, b=2mm. The angle S is given by: 
a = arctan ( :r) == 11° (4.90) 
MODELLED DISPLACEMENT OF THE UPPER DISK 
15.------r-----,------~----~------r-----~ 
10~----~-----4--




after installing the fibre ~ :: 0 ~ I '-l ~ 




-200 -100 0 100 200 300 
shear stress (/cPa) 
Fig.4.1S: Displacement of the upper disk as a function of shear stress applied parallel to the fibre for 
the sensor body with, and without the optical fibre attached. 
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The displacement of the structure without the optical fibre when no fibre is installed. as 
given by eq.(4.43), is also plotted on the same graph. For tyx= -250kPa, the tension T is zero 
(because £2'=0 since f2'=lo) therefore the fibre has no effect on the upper disk displacement. 
As shear stress increases, the opposing T also increases, which reduces the displacement of 
the metallic structure. For zero shear stress, the displacement is approximately -1J.UI1 due to 
the tension of the prestrained fibre Tx=-IN (eq.4.80 for £2'=£1=1250J.1E). This corresponds to 
shear stress equal to -19kPa (eq.4.43), or to Bragg wavelength shift approximately equal to 
-O.065nm (eq.4.52). The maximum error in calculating the displacement due to the fibre 
tension occurs for tyx= +250kPa, which is equal to .... 11.5%. 
It is therefore expected that the attachment of the fibre on the sensor structure will introduce 
asymmetric response of the structure to different directions of shear stress. This unwanted 
effect cannot be avoided. It could be reduced however using a fibre with a smaller diameter 
than 125J.UI1, which will reduce the magnitude of the fibre tension (eq.4.81). 
4.2.3 Determination of the magnitude and direction of shear stress 
using 2 fibre Bragg gratings 
In the theoretical analysis presented so far, we have described the operation of a sensor 
which is able to measure the magnitude of shear stress when the stress vector lays on the 
vertical plane defined by the fibre, i.e. plane ABC in Fig.4.8. The magnitude is calculated via 
the Bragg wavelength shift of the FBG, as discussed in section 4.2.2.5. In that case, the 
sensor utilises only one FBG and is able to measure wridirectional stress. In practice, the 
shear stress can be applied at any direction on the upper surface of the top disk. In that case, 
not only the magnitude, but also the direction of shear must be determined. Expressing the 
stress vector in polar coordinates, the vector can be fully determined by measuring its 
magnitude and the angle between the vector and a reference direction. Since two unknown 
quantities are presented, more than one FBG must be fitted into the sensor structure in order 
to derive a system of equations. 
The aims of the analysis presented in this section are: 
• To determine the number ofFBGs needed to identify the stress vector 
• To derive the system of equations 
Let us assume that one FBG (FBG 1) is pre-strained and attached on the lower and upper 
disk at the points A and B respectively, as shown in Fig.4.16. The drawing of pins is omitted 
to keep the diagram simple. The vertical plane AB, which is defined by the fibre and passes 
through the centre of the disks, will be used as a reference for the determination of the shear 
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stress direction. Similarly, a second FBG (FBG2) is also pre-strained and attached at the 
points C and D. The vertical plane CD defined by the FBG2, which also passes through the 
centre of the disks, defines an angle tP with respect to the reference plane AB. 
TOP VIEW 
~ 
SIDE VIEW 2 
t 
SIDE VIEW 1 
At B 
" =:;r~ : FBGL---------~ g -
12 <---- 2r in ~ 
c· I~ • I 
1 .------> D 
C: F!!Q2.----t;l • e .... --
SIDE VIEW 1 SIDE VIEW 2 
Fig.4.16: FBG arrangement for the determination of shear direction. 
Let us now consider that the shear stress t is applied on the top disk at an angle (ll with 
respect to the reference plane. The shear stress will produce horizontal displacement (5 of the 
upper disk with respect to the lower one at the direction of shear. It is assumed that the 
horizontal displacement of the upper disk is independent or'the direction of shear stress. In 
other words, the pin deflection depends only on the magnitude of the applied shear, and it is 
the same for any direction of shear. It is also assumed that the two disks are not deformed 
under shear stress, hence the displacement occurs exclusively due to the lateral deflection of 
the pins. This assumption also implies. that the horizontal displacement of the upper end is 
the same for every pin. Because the lower disk is finnly fixed, points A and C on the lower 
disk will remain in position under shear stress. On the other hand, points B and D on the 
upper disk will move to new locations, displaced horizontally by (5 and at an angle (ll with 
respect to the reference plane. Therefore, the length of both FBG 1 and FBG2 will be altered, 
which can be calculated by measuring the strain change on the fibre via the Bragg 
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wavelength shift, as we have already examined for the case of a single FBG, section 4.2.2.2. 
We will now derive the displacement-strain equation for both FBGs by incorporating the 
direction of shear, i.e. the angle ro. 
Let ill be the initial (pre-strained) length of FBGI. From the geometry of the structure, 
Fig.4.16 - side view I, we obtain: 
(4.91) 
Let A' be the vertical projection of the immovable point A on the upper disk. Let also B' be 
the new location of point B after the application of shear stress, Fig.4.17(a). It is noted that 











Fig.4.17: (a) Calculation oflength A'B' on the upper disk plane, and (b) calculation of new fibre 
length ill ofFBGl. The shear stress is applied in the direction BB'. 
Substitution of the lengths A'B, BH, and HB' gives: 
A'B'=~[2(r-g)+ocosro]2 +02 sin2 ro 
or: 
A'B'=~4(r-g)2 +4(r-g)ocosro+02 
The new length of the fibre t 12 will be: 
i}2 = AB'= ~(A'B')2 +h2 
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(4.96) 
Eq.(4.96) shows that, for a given shear stress 't causing the displacement a, maximum fibre 
strain will occur when cosco=±l. This is the case when the shear stress vector is parallel to 
the vertical plane defmed by FBG1, producing maximum elongation (for c.o=O) or relaxation 
(for ro=1t) of the fibre, depending upon the direction of shear. 
The length of the fibre tl2 can also be expressed as a function of the strain change 
~&I on the FBG!. Following exactly the same procedure as described in section 4.2.2.2, 
eq.(4.30) to eq.(4.33), we obtain: 
l12 =ll1(l+ ~&) J 
1+&) 
(4.97) 
where &1 is the strain on the fibre under zero shear stress, which is set to 1250Jl£ as explained 
in section 4.2.2.2. The strain change ~&l is related to the measured Bragg wavelength shift 
by (eq.4.35): 
AI.. A a.1 LJ.& I = --...;..-
0.8A a,1 
(4.98) 
where AB.I is the Bragg wavelength of the FBG!. Eq.(4.96), and eq.(4.97) give: 
lII(I+ (~Aa.~ J2 =4(r-g)2 +4(r-g)acosCl)+a2 +h2 (4.99) 
0.81+&IY-a,1 




+[4(r-g)Cosro}5+[4(r-g)2 -eII(I+ (£\AB.~ J2 +h2]=0 0.81+&) B,l (4.100) 
Eq.( 4.100) relates the unknown variables a and ro with the measured Bragg wavelength shift 
~AB.I' 
An equation similar to eq.(4.100) can be obtained from FBG2 following the same 
procedure used for FBG 1. The initial (pre-strained) length f21 of the FBG2 will be: 
e2l =tl1 =~4(r_g)2 +h2 (4.101) 
Referring to Fig.4.18, C' is the vertical projection of the immovable point C on the 
upper disk plane, and D' is the new position of point D after the application of shear stress. 
The length C'D' will be given by: 
(4.102) 
Eq.(4.l02) fmally gives: 
C' D'= ~4(r-g)2 +4(r-g)acos(4»-ro)+a2 (4.103) 
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Fig.4.18: (a) Calculation of length C'D' on the upper disk plane, and (b) calculation of new fibre 
length e22 ofFBG2. The shear stress is applied at the direction DD'. 
The new length £22 of FBG2 is given by: 
e22 =~4(r-g)2 +4(r-g)ocos(c\>-ro)+o2 +h2 (4.104) 
It can also be expressed as a function of the strain change 6&2 on FBG2: IfFBG2 is initially 
pre-strained by the same amount &1 as FBG 1, then we can write: 
i22 =e 21 (1+ 6&2 J 1+&1 
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where ABol is the Bragg wavelength of the FBG2. Using eq.(4.104). eq.(4.10S). and 
substituting Ll&2 from eq.(4.106), we obtain a second order equation which relates a and CI> 
with the Bragg wavelength shift LlAB.2: 
a2 + [4(r-g)Cos(<j)-CI»]a+[4(r-g)2 -l~l(l+ (LlAB.~ J2 +h2]=O (4.107) 
0.81+&1 B,2 
Eq.(4.100) and eq.(4.107) can be used to calculate the upper disk displacement a and the 
angle CI>. Then, the magnitude of the applied shear stress can be calculated using eq.( 4.S0). 
The stress direction is given directly by the angle CI>. The angle CI> takes values in the range 0 
to 21t, and the wavelength shift LlAB in the range -O.82nm to +0.82nm, which corresponds to 
Ll& in the range -1250 and +1250J.1E for a Bragg wavelength of 820nm, as calculated by 
eq.(4.35). 
4.3 Experimental evaluation 
It is already mentioned that the aim of this study was to design a shear stress sensor based on 
the reflected properties of fibre Bragg gratings, and to examine the feasibility of the adopted 
method. In the previous sections, the theoretical analysis of the sensor response to shear was 
presented, where we noticed that the measured Bragg wavelength shift is expected to vary 
linearly with the magnitude of the applied shear stress (section 4.2.2.5). We also examined 
theoretically the error introduced in shear stress measurement due to the simultaneous 
application of vertical stress, section 4.2.2.6. The theoretical analysis showed that it is 
possible to implement a shear sensor for in-shoe measurements, according to the 
specifications presented in section 2.3, based on the concept of the elastic deflection of a 
metallic structure. We also derived the two equations, eq.(4.86) and eq.(4.93), which relate 
the Bragg wavelength shift of two FBGs fitted into the sensor structure to the magnitude and 
direction of shear stress applied on the upper disk. 
The next step in the sensor development was to examine experimentally the 
applicability of the proposed method, and the accuracy of the theoretical predictions. For that 
purpose, a sensor prototype had to be implemented according to the design specifications 
shown in Table 4.2, and the grating response to shear stress to be measured. The laboratory 
experiments where primarily focussed on the static response of the sensor to shear stress. 
The main objectives of the laboratory experiments were: 
1. The measurement of the maximum lateral displacement anwc of the upper disk under 
maximum shear stress prior to fibre fitting. This measurement is necessary in order to avoid 
breakage of the FBG. Furthermore, measuring amax and comparing it with the theoretically 
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predicted value given by eq.(4.44). will provide a quantitative estimation of the deviation 
between the theoretical and the experimental results. 
2. The experimental evaluation of the linear elastic deflection of the pins under shear load. 
It has been shown that the upper disk displacement varies linearly with the applied shear 
stress, eq.( 4.43). 
3. The examination of the plastic deformation of the structure under shear stress. In the 
theoretical design we had assumed that the pin deflection is purely elastic. Plastic 
deformation of the pins means that the upper disk will not return to its initial position after 
removing the shear stress, and the fibre will not restore its initial strain &1. Therefore, the 
sensor will give a non-zero reading even when no shear stress is applied. In addition to this 
zero state error, plastic deformation can deteriorate the sensor performance in tenus of 
accuracy and repeatability, since it alters the structure behaviour to shear. The displacement 
of the upper disk, and hence the measured fibre s~ will not only depend on the current 
value of the applied shear, but also from the structure stiffness to shear, which in turn 
depends on the previous stress condition of the sensor. It is therefore important to measure 
the plastic deformation of the sensor, and make any necessary improvements to the sensor 
design in order to eliminate it. 
4. The examination of the effect ofverticaI stress on the sensor response to shear: This was 
theoretically examined in section 4.2.2.6. 
5. The experimental investigation of the insensitivity of the sensor structure to the direction 
of the applied shear stress. It is reminded that eq.( 4.50), eq.( 4.100), and (4.107) can be used 
to calculate the magnitude and direction of shear stress if only the pin deflection is 
independent of the direction of shear. 
6. The examination of the FBG response to shear by measuring the Bragg wavelength shift 
with respect to shear stress. The theoretically predicted grating response to shear, at the 
direction parallel to the grating vertical plane is given in Fig.4.10. 
The experimental setup has been presented in section 3.1.1. In the fonowing sections we wilJ 
concentrate on the results from the measurements. The experiments were divided into three 
parts. The first one describes the measurement of an enlarged structure made of steel pins 
and aluminium disks, presented in section 4.3.1. Then a same dimension sensor structure 
made by steel only was tested, and is presented in section 4.3.2. The results from the 
wavelength shift due to shear on the top disk from one FBG fitted into the structure will also 
be presented in that section. Finally, the results from measuring an actual dimension steel 
structure will be discussed in section 4.3.3. 
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4.3.1 Laboratory testing of metallic structure. Experiment 1: 
Enlarged structure with aluminium disks 
It is clear from the analysis so far that the perfOImance of the pins under shear and vertical 
load dominates the overall behaviour of the sensor structure, provided that the pins are finnly 
fixed on both disks. It is therefore important to test the pin deflection under several vertical 
and shear loading conditions. For that purpose, a sensor structure had to be made, following 
the design parameters presented in Table 4.2. 
The first attempt on making the sensor in the departmental mechanical workshop was 
unsuccessful. The reason was that the equipment and tools were not appropriate for the 
construction of the small sensor structure. The main difficulty was the fitting of the pins on 
the O.5mm thick disks. The pins were fmally silver soldered to the disks, and the disks 
polished afterwards to remove the residue solder. It was also not possible to install the pins 
precisely parallel to each other and vertical to the disks. The result was that the sensor 
collapsed during the first trials. The reason for collapsing was that the pins were detached 
from the disks. The use of solder seemed to be inappropriate for pin fitting. 
In order to solve the main fabrication problem faced on the small structure, i.e. the pin 
fitting, the fabrication procedure was simplified by increasing the disk diameter and 
thickness, leaving all the other sensor parameters unchanged and as given in Table 4.2. 
Because the disks are thicker, the pins can be inserted deeply into the disks and press-fitting 
techniques can be applied to firmly support the pins. Since the number of pins N, the pin 
material and diameter d, and the length h remain the same as required for the actual sensorl , 
the pin deflection of this enlarged sensor will be equal to the pin deflection of the actual 
sensor, as predicted by eq.(4.43) for equal shear stress. The fact that the disk radius has been 
increased, does not affect the applied horizontal force, since, as we have already discussed in 
section 3.1.1, that force is not shear force due to friction on the top surface of the sensor, but 
acts on the side of the top disk. 
The enlarged sensor was manufactured by a clock company, where more precise 
equipment could be used compared to our departmental workshop. The disk radius r and 
thickness t were 20mm and 5mm respectively. Both disks were made of aluminium, because 
it can be more easily processed compared to steel. The disks were drilled to approximately 
half the disk thickness, using a drill diameter equal to the pin diameter. The pins were then 
press-fitted into the holes, Fig.4.l9. Stainless steel wire, O.5mm diameter, was used for pins. 
Although the pin diameter is slightly larger compared to the theoretically estimated (O.4mm, 
I The term "actual sensor" will be used next to describe the sensor structure with dimensions given by Table 4.2. 
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section 4.2.2.4), it was chosen because it was immediately available (standard size), and 
easier to process compared to thinner wires. The enlarged aluminium sensor structure is 
shown in pictures 7 and 8, appendix II. 
upper disk 
2 
Fig.4.19: Pin installation in the enlarged aluminium structure. 
4.3.1.1. Time response 
The sensor structure was tested using the setup described in section 3.1. 1. The ElM 
vibrator was driven by square pulses. The pulse amplitude was varied in order to achieve the 
desired shear stress. 
Typical time response of the system for a pulse frequency of approximately O.5Hz is 
given in Fig.4.20. The time response for input force frequency of approximately 1Hz is 
shown in Fig.4.21. Only the top plate assembly was placed over the sensor, which 
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Fig.4.20: Time response of the system for input force pulses at -o.5Hz. 
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Fig.4.21: Time response of the system for input force pulses at - 1Hz. 
It can be noticed that the shape of the charge amplifier output voltage is not square, as 
would be expected. The reason for this is the tendency of the charge amplifier output to 
return to zero when constant load is applied on the piezo-electric sensor. Examining the same 
curve, we notice that small amplitude vibrations appear immediately after each transient, 
which are more obvious after the raising phase. The vibrations disappear after approximately 
0.2sec, when their amplitude falls below the noise level of the force readout system. 
The charge amplifier voltage changes by - 850mV every loading and unloading of shear 
stress, wIDch corresponds to change of shear stress from 0 to - 55k.Pa (eq.3.4). The measured 
upper disk displacement is - 9 microns, as given by eq.(3.7) for micrometer output voltage 
change of - 90m V. The existence of vibrations on the top disk arrangement due to shear 
stress transients cannot be verified with the micrometer, since their frequencies are above the 
dynamic range of the micrometer readout system (section 3.4). 
4.3.1.2. Top disk displacement versus shear stress 
The experiment described in the previous section was repeated for several values of 
shear stress. The shear stress frequency was always kept equal to 0.5Hz. Similar time 
response curves as the one shown in Fig.4.20 were obtained. The micrometer output voltage 
difference /1 V I and the charge amplifier output voltage difference /1 V 2 were recorded in 
order to measure the shear stress applied on the upper disk and the produced displacement, 
using eq.(3.4) and eq.(3 .7) respectively. 
It was noticed that application of small shear stress (less than approx. 20kPa) produces 
elastic displacement of the upper disk. In that case, the micrometer output voltage returns to 
its initial value (the output voltage under zero shear stress) after the removal of shear. Larger 
stresses on the other hand produce plastic deformation of the structure. The upper disk does 
not return to its initial position after the removal of shear. Fig.4.22 shows the micrometer 
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output voltage for the first 4 shear stress pulses. The stress was varied between 0 and 
lOOkPa, as measured by the amplitude of the charge amplifier output voltage. Only the top 
plate assembly was placed above the sensor, giyjng a total vertical load equal to 90kPa The 
pennanent displacement of the upper disk due to plastic defonnation was calculated by 
measuring the residual micrometer output voltage, Yr. Referring to Fig.4.22, Vr is the 
difference between the micrometer output voltage before and after the application of shear 
stress. The plastic defonnation was observed immediately after the first pulse, and reaches its 
maximum value after 3 pulses. Subsequent pulses produce pure elastic deformation of the 
structure. The voltage Ve is used to calculate the displacement caused by the elastic 
defonnation of the structure. 
Fig.4.23 shows the displacement of the top disc, expressed in micrometer output 
voltage, for variable shear stress. The vertical stress was constant and equal to 9OkPa. Tbe 
shear stress was gradually increased on each pulse from 25kPa to 112kPa, as given by 
eq.(3.4) for ~VI=O.4V and ~VI=1.75V respectively. The residual displacement increases 
from 0 to 4.2)..UIl (for Vr=42mV). 
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Fig.4.22: Time response of the enlarged aluminium structure under constant shear stress (100kPa), 
showing the residual displacement after the first and the subsequent shear stress pulses. 
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Fig.4.23: Time response of the enlarged aluminium structure under gradually increasing shear stress. 
The residual displacement after removing shear, which corresponds to the voltage Yr, reveals the 
plastjc defom1ation of the structure. 
The permanent, as well as the elastic, deflection of the upper disk was measured for 
different values of shear stress, by gradually increasing the vibrator driving voltage. The 
vertical stress was also varied, by increasing the total mass applied to the sen or. Fig.4.24 
represents the variation of the permanent displacement of the upper disk due to plastic 
defonnation, for variable shear stress. The six curves correspond to six different values of 
vertical load. After each set of measurements for a particular value of vertical stress, the 
micrometer showed the displacement due to plastic deformation for shear equal to - 160kPa 
(for example, +5.3J..UIl for vertical stress=90kPa). Before increasing the vertical load and 
repeating the measurements, opposite shear force was applied on the top plate by gently 
pulling the top plate from the force sensor side. This produces negative plastic deformation, 
which cancels the deformation caused by the previous measurement and resets the 
displacement to zero. This was done in order to ensure that the sensor structure has identical 
shape between each set of measurements under different vertical load. To prevent accidental 
damage of the sensor, the maximum value of shear stress was limited to approximately 
160kPa and the vertical stress to 253kPa. The performance of the aluminiwn sensor structure 
was therefore tested for half the operating range ofthe vertical stress, and more than half the 
range of shear stress. 
The graph shows that plastic deformation is significantly affected not only by the shear, 
but also by the vertical stress. For shear stress between 20 and 80kPa the defonnation rapidly 
increases with average slope 0 .08~a (slope 1). No conclusion can be derived for the 
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effect of vertical load for this range of shear stress, smce the measurements are not 
repeatable in this region. 
9 








. / / 
_ .. 
-----_ .... ------
--\ / / 
-/ --. 
-:/ ? ..----- -------
8 
7 
-.---- :J~ , -.. - \.-' .. ------------
c-c - • 
• 
.. - .-
--- l--'{" • 1----..... ----- slope 2 -... ---- . 
---
• / 
• ...... -...... .... 
88 / ___ -/-/.--, 




o 20 40 60 80 100 120 140 160 
shear stress (kPa) 
90kPa • 122kPa 160kPa • 191kPa • 222kPa • 253kPa I 
FigA.24: Permanent deflection of upper disk after removal of shear, as a function of shear stress. Each 
curve corresponds to a different vertical stress. 
For larger values of shear (above 80kPa), the plastic defonnation Illcreases as the 
vertical stress increases. The average slope in this region is O .Ol~Pa (slope 2). 
Using the measured elastic displacement of the upper disk, which corresponds to 
the voltage Ve, we can draw the graph of the variation of the elastic displacement with 
respect to the magnitude of the applied shear stress, Fig.4.25. TIle deviation of the response 
curves from the linear trendline is noticeable. The trendline is based on the 160kPa vertical 
stress curve, which better approximates the average response with respect to vertical stress. 
The non-linear response, as well as the presence of vertical stress, will result in error in 
calculating the apphed shear stress for a given displacement. Using the experimental data, 
the maximum error in calculating shear stress, asswning hnear displacement, occurs for a 
displacement of 5 J..Iffi and is equal to approximately 30%. This error is significantly reduced 
as the shear stress is increased. The variation of the vertical stress from 90 to 160kPa also 
produces average change of the measured displacement by approximately 10%. 
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Fig.4.2S : Elastic displacement of upper disk as a function of shear stress, for the enlarged aluminium 
structure. Each curve corresponds to different vertical stress. 
The non-linearity is mainly observed in the 20-80kPa region . Comparing the graphs 
shown in Fig.4.24 and Fig.4.25, it is clear that the non-linearity is stronger in the shear stress 
region where the plastic deformation is rapidly increasing. 
It has already been mentioned that one of the main objectives of the experiments was to 
measure the maximum displacement of the upper disk, for the maximum expected magnitude 
of shear stress. Assuming that the pins are fumly supported in the aluminium disks at both 
ends, the pin deflection will be given by eq.(4.43). Substitution of E, N, h, and r from the 
values given in Table 4.2, as well as the pin diameter d=O.5mm, gives the theoretical 
prediction of the upper disk displacement: 
8 = 2.13.1O- II . yx (4.L08) 
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Eq.( 4.108) is shown graphically in Fig.4.25. It can be seen that the measured displacement is 
approximately 8.5 times larger that the theoretically estimated one, which is based on the 
elastic bending of a beam fixed at both ends. The maximum displacement will occur for 
't YX max ' Eq.(4.l08) gives the theoretically predicted maximum displacement for the enlarged 
aluminium structure, omax=5.3).lID. Using the trendline equation, we obtain an estimation of 
the actual maximum displacement of the structure: 
0 maxa =18.35 .10- 11 'tyx =45.8).lID 
, JIIIax 
(4.109) 
As we have already mentioned in the theoretical section of this chapter, significant 
deviation between the theory and experiment was expected due to the smalJ length of the 
pins compared to their diameter. A second reason for the difference between the theoretical 
predictions and the experimental results has already been mentioned in section 4.2.2.1. 
Application of shear stress could possibly cause defOImation of the relatively soft alumini urn 
disk close to the interface region between the pins and the disks, resulting in tilting of the pin 
axis with respect to the vertical axis, as shown in Fig.4.7(c). This could also be a reason for 
the non-linear elastic deflection of the pins under shear stress, since it alters the forces and 
moments acting on the ends of each pin, and hence the pin deflection. 
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Fig.4.26: Elastic displacement of upper disk as a function of shear stress, for the enlarged aluminium 
sensor. Each curve corresponds to different direction of shear. 
The experiments described so far show the performance of the sensor structure for 
unidirectional stress. Since the sensor will be used for two-dimensional sensing, it is 
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necessary to test the pin deflection for different directions of shear. The measurements can 
be done using the same setup (section 3.1.1). Measurements under different directions can be 
taken by rotating the sensor to the desired direction. Fig.4.26 shows the variation of the 
elastic deformation of the structure with respect to shear stress, for different directions of 
shear. Every curve is obtained by sequentially rotating the sensor by 45°. The direction 0° is 
assigned to the orientation of the sensor during the previous experiments regarding the 
unidirectional response. The vertical stress was 90kPa throughout the experiment. In order to 
prevent damage of the sensor structure, and based on the experience gained from the 
previous tests, the shear stress was increased up to the point were the elastic displacement 
does not exceed -30~. 
The graph shows great dependence of the displacement with shear direction. The 
average gradient of the curves varies from 0.23J,.U111kPa at 135°, to O.lSJ.l.mlkPa at 45°. A 
closer examination of the curves shows significant variation of the shape compared to each 
other. 
The results of the experiments regarding the enlarged aluminium sensor clearly shows the 
drawbacks of this sensor design, which are summarised below: 
1. Large deviation of the measured displacement, compared to the theoretical predictions 
based on beam bending theory. 
2. Non-linear elastic displacement versus shear stress. 
3. Significant plastic deformation of the structure, strongly dependent on the applied 
vertical stress. 
4. Displacement depends on the shear direction. 
S. Dependence of the elastic displacement on vertical stress, although it appears to have 
smaller effect on the sensor performance compared to the previous four factors. 
For all the above reasons it is apparent that the structure could not be used for the 
implementation of the shear stress sensor. On the other hand, the experimental results do not 
provide enough information to fully understand the reasons for all the above drawbacks. We 
could however infer some possible reasons regarding the sensor fabrication that could 
produce similar results. We have already mentioned the problems related to the use of soft 
aluminium alloy for the fabrication of the disks. Large deformation of the interface with the 
pins region could result in large upper disk displacement and perhaps lead to plastic 
deformation. Wrong theoretical estimation of the pin diameter, on the other hand, could lead 
to similar results, where in that case the plastic deformation and the large displacement could 
be due to the pin deformation only. 
Imperfections of the structure fabrication is another possible source of problems. 
Inaccuracy of the hole diameter as well as the variation of the pin depth inside the disks 
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(Fig.4 .19) could affect the strength of the pin-disk joint. It is also important that the four pins 
of the structure are accurately aligned to be parallel to each other, with their axIS 
perpendicular to the disk surfaces. Any misalignment of a hole on the lower disk with 
respect to the opposite hole on the upper disk wil1 result in tilting of the pin axis with respect 
to the vertical axis. Residual bending moments could also appear on the pin after the press 
fitting procedure, due to this misalignment. It is also important that the upper disk is 
positioned precisely horizontally. This assures that the vertical stress is equally transferred 
on the pins, as assumed during the theoretical design. 
All those problems related to fabrication imperfections could affect the sensor response 
to shear in both cases of unidirectional and multidirectional shear stress. In order to clearly 
identify the source of the plastic defonnation, non-linearity, and dependence to shear 
direction, a second sensor structure was made and tested. The alterations on its design and 
fabrication, as well as the experimental results are discussed in the following section. 
4.3.2 Laboratory testing of metallic structure. Experiment 2: 
Enlarged structure with steel disks 
The main considerations when designing the new sensor structure were i) to increase the 
strength and stiffness of the pin-disk joint, and ii) to improve the ali gnment of the pins and 
disks. The pin material. as well as all the dimensions of the structure, remained identical to 
those of the enlarged aluminium sensor (40mm diameter, IOmm thick). The results obtained 
from the new sensor could then be directly compared with the results of the aluminium 
structure. 







auxiliary pin. 02mm 
FigA.27: Pin installation in the enlarged steel structure. 
The stiffness of the joints could be increased by fabricating the disks from steel instead 
of the softer aluminium. The pins were press-fi tted into the disks as shown in Fig.4 .27 . ach 
of the two 4nun thick sensor disks consists of two separate steel disks of equal thickness. 
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The two inner disks were drilled right through, and the pins were press-fitted. The two disks 
(outer and inner disks) were then held together by auxiliary steel pins (4 pins per disk), 
which were also press-fitted. The enlarged steel sensor structure is shown in pictures 7 and 8, 
appendix II. 
The main advantage of this pin installation procedure is that both inner disks can be 
manipulated as a single disk and drilled accurately. This assures that the pin holes are 
precisely aligned and hence no tilting or bending of the pins are expected to occur during pin 
fitting. It is also apparent that the pin penetration is the same for all joints, and equal to the 
thickness of the inner disk. 
The sensor was measured using the same experimental setup which was used to test the 
aluminium structure, section 3.1.1. 
4.3.2.1. Experimental testing of steel structure 
FigA.28 shows the elastic displacement as a function of shear stress, for different values of 
vertical stress. Comparing the response of the steel sensor with the response of the enlarged 
aluminium sensor shown in Fig.4.25, we can see that the stiflhess of the structure to shear 
stress has been increased by a factor of 2. The measured maximum elastic displacement, for 
shear stress equal to 250kPa, is approximately 24J.Un compared to 45.8J.Un for the aluminium 
structure (eq.4.l09). It is noticed that the shear stress was increased up to 'tyx .... without the 
risk of over-deflecting the pins and damage the structure. 
The vertical stress seems to have a similar effect on the shear response for the steel 
sensor, compared to the aluminium one. The average error in estimating shear stress due to 
vertical stress variation, is less than 10% for any value of disk displacement. 
The displacement versus shear stress curves are closer to linear compared to the 
aluminium sensor. However, non-linearity still exists, giving a maximum error of 
approximately ±1 0% from the average linear approximation. 
The theoretical response, eq.(4.108), is also plotted on Fig.4.28. TIle average measured 
displacement of the upper disk is still larger than the theoretical prediction by a factor of 4. If 
we assume that the pin-disk joints are perfect, which means that the two ends of each pin are 
firmly fixed, then the relatively large deviation from the theoretical prediction should be 
caused by the inaccuracy of the theoretical model based on the beam bending theory. This 
assumption is strongly supported by the experimental measurement of the plastic 
deformation of the structure, which was measured as less than 1 J.Un for the maximum shear 
and vertical loading condition. For shear stress up to 160kPa (equal to the maximum shear 
stress applied on the aluminium sensor, Fig.4.24), the residual displacement due to plastic 
deformation was measured to be less than the resolution of the micrometer (O.lJ.Un). 
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Fig.4 .28: Elastic displacement of upper disk as a function of shear stress, for the enlarged steel 
structure. Each curve corresponds to different vertical stress. 
Fig.4.29 shows the response of the steel structure to shear stress, for different directions of 
shear. The reference direction corresponds to the one that gave the results shown in Fig.4.28. 
Comparing this graph with the graph shown in Fig.4.26, it is clear that the steel structure is 
improved compared to the aluminium one, in teIIDs of structuraI symmetry to the direction of 
shear. However, the response is still highly sensitive to shear direction. The average error in 
measuring shear stress due to the change of shear direction is approximately ±15% with 
respect to the average linear approximation. 
Summarising the results from the experiments for measuring the disk displacement on the 
enlarged sensor structures, we can say that the upper disk displacement is highly dependent 
on the pin alignment and fitting. Non-linear response is presented in both structures. One 
reason that increases non-linearity is the fact that the displacement observed in both 
structures was several times larger than that required for the operation of a FBG in its entire 
strain range given by (eq.4.48). It is reminded that, the deflection of the free end of a beam 
due to bending, is a linear function of the applied shear force for small deflections only 
(Timoshenko and Gere, 1973, pg.203). 
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FigA29: Elastic displacement of upper disk as a function of shear stress, for the enlarged steel sensor. 
Each curve corresponds to different direction of shear. 
It is remarkable that, even though the pin installation of the steel structure was 
promising, the structure exhibits sensitivity to shear direction. Reasons for that can be the 
limited precision of the workshop equipment for drilling, pin alignment, and fitting, as well 
as anisotropy of the pin and disk materials. 
4.3.2.2. Bragg grating response to unidirectional shear 
The steel structure measured previously was used to fabricate the first enlarged version of 
the metallic sensor. Even though the structure is sensitive to shear direction, we could still 
use this structure to get the first experimental testing of the sensor performance. For dus 
purpose, the installation of onJy one FBG would be sufficient to observe the Bragg 
wavelength shift due to disk displacement. 
The aims of this experiment are: 
1. The experimental evaluation of the linear relation between the upper disk displacement 8 
and the Bragg wavelength shift ~A.B, as predicted theoretically in section 4.2.2.5. 
2. The testing of the effectiveness ofthe glue bond between the fibre and the disks. 
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Installation of the FBG inside the metallic structure 
The parameters of the FBO which was used for this experiment were measured prior to 
installation: AB=836A7nm, transmission loss=3dB, and bandwidth=OA5nm. The length of 
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Fig.4.30: Prestraining and attachment of the FBG in the sensor structure (d imensions out o f scale). 
FigA .30 shows the apparatus used to prestrain the fibre up to the desired strain ( I 250p.E) 
before gluing it on the metallic sensor body. The plastic coating of the fibre was removed at 
a clistance approximately ±20mm l from the centre of the grati ng (eq ual to the diameter of th e 
sensor), and cleaned with methanol. The fibre was passed through the sensor body without 
touching it, so that the FBO is located in the middle of the sensor body, and then mounted on 
two rods. The left one was permanently fixed on the optical table, and the right on an x-
stage, which allows the fibre to be prestrained. The mounting of the fibre on the rods was 
done using plastic screws, which prevent fibre breakage. The fibre was connected to the 
FBO readout system to monitor the Bragg wavelength, and hence the strain on the fibre . The 
fibre was strained until the Bragg wavelength increased by -a.85om, which corresponds to 
I Due to flow of the liquid fibre stripper (OF-Stripper 10), the fibre was finally stripped at 
approximately ±2 1 mm. 
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+ 125011£. The height of the sensor holder was adjusted until the strained fibre reaches the 
sensor diameter. The sensor holder was then carefully rotated so that the fibre just touches 
the two disks, as shown in Fig.4.30, top view. Observation of the sensor alignment with a 
stereoscope is essential at this stage. The fibre was glued on the two disks by dropping the 
cyanoacrylate glue l on a needle and then gently touclting the fibre at the contact points. 
The sensor was cured for 16h to ensure that the glue was hardened completely. The 
Bragg wavelength reduced by -O.06nm immediately after releasing the fibre from the 
holding poles. This corresponds to strain reduction on the fibre by approximately 9011£ 
(eq.4 .35). One reason for the reduction of the axial strain is the deflection of the upper disk 
due to the fibre tension, as discussed in section 4.2.2.7. The theoretically predicted 
displacement due to tension T=1.1 N (for £1 =125011£), can be calculated by solving eq.(4 .89) 
for r=20mm, g=3mm, and d=O.5mm. The other parameters are as in section 4.2.2.7. 
Eq.(4.89) then gives 8'= -O.25 !J.ID. This corresponds to L\£= - 811£ (eq.4.37), and to Bragg 
wavelength shift L\AB= - O.006nm, which is much less than the observed shift. A second 
reason, which could possibly explain the additional wavelength shift is the strain reduction in 
the fibre caused by the elastic deformation of the glue, which causes reduction of the fibre 
length. The Bragg wavelength was monitored for several minutes after releasing the fibre, 
but no additional wavelength shift was measured . The acrylic glue is therefore acceptable for 
bonding the fibre to the metallic structure. The Young's modulu of the glue, according to the 
manufacturer, is 2-4GPa. The use of a higher E modulus material for bonding the fibre 
would reduce the strain rela,xation of the fibre. However, because the cyano-acrylate glue can 
be easily removed using de-bonding agents2, hence releasing the FBG which can then b re-
used, the experiments were continued using the same gl ue. 
fibre 
\ .5mm deplh, 2mm width 
gap to prevent fibre breakage 
/ 
holding plates 
Fig.4.3 \ : Placement of the metallic sensor into the testing apparatus, after modifying the aluminium 
holding plates to form a gap around the sensor to prevent fibre breakage. 
1 LOCTITE super glue 
2 RS 159-4039 cyanoacrylate debonder 
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Experimental evaluation of the grating response to shear stress 
The sensor was tested using the setup explamed in section 3.1.1. The only modification was 
the milling of a groove on each holding plate, each 44mm in diameter and 1.5mm deep, as 
shown in Fig.4.3I. The groove was necessary to prevent excessive bending of the fibre at the 
point where it exits the sensor as a result of the presence of the top plate. The fibre i.s more 
likely to brake accidentally in the region close to the glue, because there is no coating on the 
fibre, and any bending moments on the fibre are maximised. This can be shown by 
considering the fibre as a cantilever beam and applying eq.(4.6) for y=O. Generally, the 
sensor requires very careful handling after the installation of the grating. 
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Fig.4.32: Typical time response of the enlarged metallic sensor, for -0. 5Hz, 80kPa shear stress pulses, 
as measured by the oscilloscope. 
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Fig.4.33 : Time response of the FBG in the enlarged metallic sensor, for -o.5Hz, 80kPa shear stress 
pulses, acquired at 12scanslsec. 
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The graph in Fig.4.32 shows the micrometer and charge amplifier output voltage, as 
these were simultaneously measured by the oscilloscope. Fig.4.33 shows the corresponding 
wavelength shift, as this is measured by the FBG readout system. The oscilloscope and the 
computer were not synchronised, therefore the time reference and scale are not comparable. 
The amplitude of shear stress pulses was increased which in turn increased the 
displasement of the upper disk. For every 1~ increase in displacement, the readings of the 
micrometer, the force transducer, and the wavelength shift were recorded., giving the data 
points that are graphically presented in Fig.4.34. The micrometer voltage is transformed to 
microns using eq.(3.7), and the wavelength shift to displacement using eq.(4 .36). The 
wavelength resolution of the system was measured as 0.OJ6nm. 
The positive values correspond to shear stress applied in parallel to the vertical plane 
defmed by the fibre, causing elongation of the fibre. The negative stress values were 
obtained after rotating the sensor by 180°. In that case, the stress on the prestrained fibre i 
reduced. The vertical stress was equal to 90kPa (onJy the top plate assembJy was placed 
above the sensor). 
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Fig.4.34: Variation of upper disk displacement with shear stress for the enlarged steel sensor, as 
measured by the micrometer and as calculated from the Bragg wavelength hift. The theoretically 
expected response is also plotted. 
Al] the measurements were taken at 23°C, without any particular means of stabilising 
the temperature of the sensor. The whole experiment lasted approximately I h. No 
temperature change was observed during the measuremetns. 
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The displacement, as measured by the micrometer, is in good agreement with the 
displacement calculated by the Bragg wavelength shift. especially for negative values of 
shear, which produce relaxation of the fibre. For positive shear stresses, the wavelength shift 
gives an underestimation of the displacement for a given shear stress. A possible reason is 
that the additional stress on the fibre produces elastic deformation of the glue, which must be 
added to the elongation of the fibre in order to calculate the actual displacement of the upper 
disk. The theoretical model presented in section 4.2.2.2 assumes that the fibre is firmly fixed 
on the disks, therefore no relative movement of the fibre with respect to the disks was 
considered when deriving eq.{4.36). 
The average slopes of the linear approximation are 0.096J.UDlkPa and 0.086J.UDlkPa for 
positive and negative stress respectively. The small difference was expected, mainly due to 
the asymmetrical response of the metallic structure to shear direction (Fig.4.29). 
Furthermore, the sensor was manually rotated at 180°, which introduces uncertainty to the 
angle of rotation and hence to the direction of shear stress when measuring the negative 
values. 
The sensor was then rotated so that shear stress was applied at 45° with respect to the 
fibre axis, and then rotated again for 45° so that shear was applied perpendicular to the fibre 
axis. The same experimental procedure as described previously used to calculate the 
displacement of the top disk at different shear stresses by measuring the Bragg wavelength 
shift. The results are drawn in Fig.4.35. The response is sensitive to the direction of shear. 
Comparing the response to shear parallel to the fibre axis, Fig.4.34, with the response to 
shear perpendicular to the fibre axis, Fig.4.35, the crosstalk between two FBGs fitted at 90° 
with respect to each other can be measured. For shear parallel to the fibre, the responsivity is 
0.096nmlkPa For shear perpendicular, the responsivity is measured to be -o.005nrnlkPa 
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Fig.4.35: Variation of upper disk displacement with shear stress for the enlarged steel sensor. as 
measured by the micrometer and as calculated from the Bragg wavelength shift. for shear direction at 
45° and 90° with respect to the fibre axis. 
4.3.2.3. General comments on the results from the testing of the 
enlarged structures 
In the previous sections, we have mentioned the differences between the experimental results 
obtained from the aluminium disk. and the steel disk sensor structures. It is clear that the use 
of a hard material, like steel, as well as the precise alignment of the pins. are key parameters 
for equal elastic response of the sensor at any direction of shear stress. 
TIle elastic displacement under maximum shear stress was estimated to be 
approximately 8 times larger the theoretical predictions for the aluminium structure. The 
steel structure showed improvement, but still the response is larger by a factor of 4 compared 
with theory. Since the theoretical model of beam bending theory cannot produce a realistic 
result, it is necessary to use the experimental data in order to compensate the theoretical 
error. Assuming that we keep the same dimensions as the actual sensor, and using eq.(4.43) 
as a rule, we can say that the pin bending due to shear stress can be decreased by increasing 
i) the number of pins, ii) the pin diameter, iii) the Young's modulus of the pin material, or a 
combination of the above. Experimentation with the sensor parameters is therefore necessary 
before achieving the desired pin deflection. 
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The response to shear stress is significantly affected by the direction of shear in both 
structures. The fabrication of the steel structure was reconsidered in order to improve the 
sensor response. Although improvement was observed. the results were still unacceptable 
compared to the required shear sensor specifications. We can assume that this behaviour is 
caused by imperfections during the fabrication of the structure, which are limited by the 
accuracy and tolerances of the workshop equipment, and cannot be avoided. It is then 
reasonable to assume that, increasing the number of pins would possibly reduce the 
sensitivity of the structure to shear direction, as a result of the "averaging" of the inclividual 
response of every pin. 
4.3.3 Laboratory testing of metallic structure. Experiment 3: Actual 
sensor with 8 pins 
This section describes the last set of experiments conducted with the metallic sensor. The 
disks were made of stainless steel, and a similar procedure as shown in Fig.4.27 was 
followed for the pin installation. Each disk has Smm diameter and 0.7Smm thickness (O.Smm 
for the inner disk and 0.2Smm for the outer), giving an overall sensor height 3.Smrn. The 
overall dimensions are therefore close to those of the actual sensor, as given in Table 4.2. 
Based on the comments presented in section 4.3.2.3, we decided to increase the number 
of pins, keeping the same material and pin diameter, which was already available. The sensor 
has now 8 pins, equally spaced around the periphery of the disks. 130~ inclined grooves 
were also etched on the inner sides of the disks to accommodate the fibre and improve the 
strength of the bond between the fibre and the disk. All the details of the design are given in 
the mechanical drawing given in appenclix I. The sensor is also shown in pictures 9 and 10, 
appendix II. 
The structure was tested using the setup described in section 3.1.1. New holding plates 
were made in a similar way to the ones used for testing the enlarged structures. The 
procedure followed for measuring the elastic clisplacement of the upper disk was identical to 
the one described in section 4.3.1.2. 
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Fig.4.36: Elastic displacement of upper disk as a function of shear stress, for the actual sensor. Each 
curve corresponds to different direction of shear. 
The experiments were focussed on measuring the sensitivity of the response to shear 
direction, which was the main problem observed on the enlarged steel structure. Fig.4.36 
shows the elastic displacement of the upper disk as a function of shear stress, for different 
directions of shear. Examining the curves, and comparing them with those of the enlarged 
steel sensor, Fig.4.29, we notice that: 
1. The response is strongly dependent on the direction of shear, even for low shear stresses. 
2. Most of the curves, except the ones at 225° and 3] 5°, are significantly non-linear. 
3. Since the pins in the enlarged and the actual structures are identical, the measured 
maximum displacement (for shear stress equal to 250kPa) was expected to decrease. 
However, the smaller value of the maximum displacement was measured 27.5J.lm for the 
315° curve, which is larger than the average maximum displacement measured on the 
enlarged structure (Fig.4.29). 
It is clear that the miniaturisation of the structure produces results which are similar to the 
results obtained from the enlarged aluminium structure. The relatively large maximum 
displacement is related to the fact that the pins are not firmly fixed to the disks. In the case of 
the aluminium sensor, the problem was focussed on the deformation of the soft aluminium 
close to the interface region. In the case of the actual sensor on the other hand, even though 
the disk material is steel, the problem seems to occur due to the small penetration depth of 
the pins, which is just equal to the inner disk thickness (O .5mm), and, for this sensor, equal to 
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the pin diameter. Fabrication imperfections deteriorate the strength and robustness of the pin-
disk joint due to the small overall dimensions of the sensor. 
A second possible reason which could lead to large displacement is related with the 
small disk thickness. Application of shear stress could produce defonnation of the disks as 
discussed in section 4.2.2.1 and shown in Fig.4.7(d). In that case, the measured displacement 
is increased due to tilting of the pins with respect to the vertical axis. 
It is also remarkable that the plastic defonnation of the actual sensor was significantly 
higher compared to the enlarged steel structure. The maximum residual. displacement after 
removal of shear was measured 4.2J.lIll, for 1yx=250kPa at 135°. 
Fig.4.37 shows the elastic displacement as a function of shear stress at different 
directions of shear, with the restriction that residual displacement due to plastic defonnation 
does not exceed O.1J..lIO (the minimum detected change in displacement). The displacement ill 
this experiment was increased in steps of O.5J..lIO. The graph shows a large variation of the 
response when shear direction is increased. It is remarkable that the curves are closer to 
linear, due to the lack of plastic defonnation, as well as the relatively small range of change 
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Fig.4.37: Elastic displacement of upper djsk as a function of shear stress for the actual sensor. Each 
curve corresponds to different direction of shear. 
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4.4 Conclusions 
In this chapter. a method for implementing a shear stress sensor using FBGs was described. 
The operation of the sensor is based on the transfer of stress to prestrained gratings which are 
attached on an elastically deforming structure. 
The design was based on the beam bending theory of isotropic and elastic beams. finnly 
supported at both ends, which are free to deflect laterally under shear stress. This model, 
although it gives a rough estimation of the elastic response of the structure, was used as an 
easy and fast method for designing a prototype and to evaluate experimentally the feasibility 
of the method. 
The aim of the experiments was to measure the essential properties of the sensor for its 
application to in-shoe measurements, which are i) the elastic deflection of the structure under 
shear stress where the shear direction is also variable, and ii) the fibre Bragg grating 
response. For that purpose, three structures were fabricated and tested. 
The experimental results revealed the main problems of this method. The plastic 
deformation, which is present in the aluminium structure. as well as manufacturing 
imperfections, introduce significant non-linearity. and sensitivity to the direction of shear 
stress. Those problems are improved by fabricating the structure solely from steeL and by 
precisely aligning and fitting the pins. The response of the grating to shear stress was in good 
agreement with the theoretical prediction. 
Unfortunately. after the miniaturisation of the structure the problems re-appear. Problems 
appeared in the structure, even though it was fabricated by specialised engineers. using 
precision equipment. That is the main reason for rejecting this method. Other disadvantages 
of this method are: 
1. High manufacturing cost of metallic structure. It must be mentioned that the total cost of 
the sensor is governed by the cost of the Bragg gratings. However, the cost of 
commercial FBGs tends to decrease, especially for high volume orders, which finally 
comes close to the cost of the structure. 
2. Every FBG must be accurately prestrained and carefully glued on the inner side of the 
sensor. This procedure is time consuming and the risk of breaking the fibre very close to 
the FGB is high. The fibre cannot be spliced without damaging the grating, making it 
useless. 
3. Individual calibration is essential for each FBG on every metallic sensor. since the any 
misalignment of the fibre during the installation procedure (angle between the FBGs, 
lateral displacement with respect to the disk diameter), as well as the random variations 
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of the glued part of the fibre (length g, section 4.2.2.2) would affect the strain change on 
the grating, according to eq.(4.38). 
Given these significant disadvantages, a different approach to the transducer design is 
required. This is detailed in the next chapter. 
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CHAPTERS 
Elastomer sensor - Fibre independent model 
Introduction 
This chapter describes the design and implementation of a sensor based on embedding FBGs 
in an elastomer material. The sensor is capable of measuring the vertical, and the two 
components of shear stress acting on its top surface. It consists of a solid block of elastomer 
material (lOxl0x3mm), in which three FBGs can be embedded at a specific orientation. The 
theoretical modelling of the sensor is based on the assumption that the elastic defonnation of 
the sensor is independent of the embedded fibres, therefore the elastic properties of the 
material will determine the sensor response. 
The chapter begins with a presentation of the theory of elasticity in solid polymers, and 
a brief description of the viscoelastic behaviour in real materials. The sensor design will then 
be described, where the required properties of the material, the number of FBGs, and their 
orientation inside the material for optimal . sensor performance will be derived. The 
experimental work includes the measurement of E and G values in five materials, and the 
implementation and measurement of a simplified version of the sensor which contains only 
one FBG embedded horizontally into the material. Finally, the experimental results were 
used to evaluate the Validity of the fibre independent model, and its applicability to 
accurately describe the sensor response. 
5.1 Background theory 
The following subsections describe the fundamental issues of the theory of elasticity, which 
is used for the elastomer sensor design. The theory presented in this section is based on the 
textbook by Timoshenko and Gere (1973). The same theory can also be applied for studying 
the elastic behaviour of solid polymers, which is described in similar way by Ward (1983). 
Contrary to metals, which can be assumed linearly elastic at low strainsl, polymers have 
properties which are intermediate between those of an elastic solid and a viscous liquid, 
depending on the temperature and the rate of change of stress applied on the material. This 
viscoelastic behaviour was observed in all the materials tested, as will be shown later in this 
1 The maximum allowable strain for linear elastic behaviour depends on the material, for structural 
steel (E=200Gpa) strain must be less than approximately 0.1 % (Timoshenko and <Jere. 1973, p.6). 
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chapter. The viscoelasticity will be briefly explained in this section. A more comprehensive 
discussion may be found in the textbooks by Aklonis et al. (1972), and Ward (1983). 
The normal stresses and normal strains inside an elastic material, the Young's modulus of 
elasticity, and the Poisson's ratio, are dermed in section 5.1.1. In section 5.1.2 the shear 
stresses and shear modulus of elasticity are defined. The internal strain at an inclined plane, 
as a function of the normal and shear stresses acting on one surface of the material will be 
discussed in section 5.1.3. Finally, brief description of the viscoelasticity observed in real 
materials will be given in section 5.1.4. 
5.1.1 Normal stresses and strains 
Let us consider a rectangular block of material which is SUbjected to stresses 0'", O'y. and O'l! 
acting normal to its sides, called normal stresses, parallel to the x, y, and z axis respectively, 
as shown in Fig.S.1. It is assumed that the stresses are small so that the resulting deformation 
of the material is linearly elastic·, which is described by the constant modulus of elasticity E. 
The linear equation between stress 0' and strain & at the direction of stress in that case will be 
given by the Hook's law (Timoshenko and Gere, 1973, p.7): 
O'=E& (5.1) 
It is also assumed that the rectangular shape of the material is maintained while stress is 
applied. 
• When a material behaves elastically and also exhibits a linear relationship between stress and strain, 
the material is said to be linearly elastic. This property can be found in many solid materials including 
most metals, plastics, wood, and ceramics. (Timoshenko and Gere, 1973, p.7) 
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Fig.s.l: Element of material in triaxial stress. 
In the particular case shown in Fig.S.l the application of the three nonnal stresses 
produce compression of the material on the y-axis by dy, and extension on the x and z 
directions by dx and dz respectively. If a, b, and c are the initial dimensions of the block, 
then the nonna! strains Ex. Ey, and £z will be given by: 
dx dy dz 
Ex = -, E = - E =-
a Y b' Z c (5.2) 
Timoshenko (1969, pp.39-40) describes the sign convention generally adopted for the 
stress analysis in solids. The nonnal stress is considered positive when it produces extension 
of the material, and negative when it produces compression. All nonnal stresses O'x. O'y, and 
O'z shown in Fig.S.l are positive since they tend to extent the material at the direction of 
stress. A normal strain at one direction is considered positive when elongation is observed at 
that particular direction, and negative for compression. In this particular example, strains Ex. 
and £z are positive, while Ey is negative. The length change We, dy, and dz follow the same 
sign as normal strains, as shown by eq.(S.2). 
The elongation or contraction of the material at a particular direction depends not only on the 
stress acting at that particular direction, but also on the other normal stresses acting on the 
material. For example, let O'y be the only stress applied on the material, which produces 
elongation of the material at the y-direction (dy positive). Such an elongation is always 
accompanied by lateral contraction of the material at the other two dimensions (dx, dz 
negative). Within the elastic limit of the material, the ratio (Timoshenko, 1969, pp.S3-S4): 
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unit lateral contraction 
unit axial elongation 
is constant for a given material. This constant is called Poisson's ratio v. For materials which 
have the same elastic properties in all directions. called isotropic materials, v=0.25. Typical 
v values are 0.3 for steel, 0.5 for rubber, and 0.4-0.5 for most solid polymers. The Poisson's 
ratio has the same value in case of lateral extension caused by longitudinal compression. In 
this example where the material is assumed isotropic and if cry is the only stress applied, v 





In the general case where all three normal components of stress are applied. the strain in 
the x direction due to crx is cr.jE, due to cry is -vcrlE, and due to crz -vcrlE. Thus, the total 
strain Ex will be (Timoshenko and Gere, 1973, p.73): 
E = crx _!-'cr +cr ) 
x E E~ y z (5.4) 
Similarly, for the strain in the y direction, we obtain: 
& = cry _!..(cr + cr ) 
Y E E x Z (5.5) 
Also, the normal strain in z-direction is: 
& = crz _!..fcr +cr ) 
Z E E~" Y (5.6) 
In the special case where crx=crz=O, the above equations become: 
V & =& =--cr 
x z E Y (5.7) 
cr 
& =-2.. 
Y E (5.8) 
5.1.2 Shear stress and shear strain - Shear modulus 
Let as now consider a square element of material, which is subjected to stress tyx acting 
tangential on its top surface parallel to the x-axis, as shown in Fig.5.2. Stress acting 
tangential to a surface is called shear stress (Timoshenko, 1969, p.38). The first subscript 
denotes the plane on which the stress acts (y surface in this case), while the second subscript 
denotes the direction of shear stress (x-axis in this case). Following the usual sign convention 
in the theory of elasticity, a shear stress is considered positive when acting towards the 
positive direction of the axis indicated by the second subscription (Timoshenko and Gere, 
1973, p.64). It is assumed that shear stress is small so that the material deformation is 
linearly elastic. It is also assumed that the lower surface is firmly fixed. 
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Fig.S.2: Shear stress and shear strain. 
If there are no normal stresses acting on the element, then equal and oppositely directed 
shear stress must also act on the lower surface in order for the element to be in static 
equilibrium in the horizontal direction. Furthennore, the shear stresses on the top and the 
bottom of the element produce a moment which must be balanced by the moment of shear 
stresses acting on the vertical sides of the element These vertical shear stresses must also be 
equal to the horizontal ones since the element is in static equilibrium (Timoshenko and Gere 
1973, p.30). Therefore, 'tyx=txy. 
Since there are no nonnal stresses acting on the element, the lengths of the sides AB, 
BC, CD, and DA will not change under shear. Instead, the shear stresses will cause the 
square to distort into a rhombus as indicated in the figure with the dashed lines, causing the 
diagonal DB to increase and AC to decrease. The angle ADC which was rrJ2 before 
deformation, is now reduced to A'DC=rrJ2-y, where y is the small angle shown in Fig.S.2. At 
the same time, the angle DAB will increase to DA'B'=rrJ2+y. The angle y is a measure of the 
distortion of the element due to shear and is called shear strain. It is given by (Fig.5.2): 
AA' y = arctan"=' 
AD 
For small strains it can be taken equal to the ratio AA'I AD. 
(5.9) 
In the linearly elastic region of the material, the shear stress and shear strain are directly 
proportional and given by the Hook's law in shear (Timoshenko and Gere, 1973, p.31): 
t=Gy (5.10) 
where G is the shear modulus of elasticity for the material. It can be proved) that, in the 
linearly elastic region of the material, E, G, and v satisfy the following equation: 
I The relationship is derived by considering the length change of the diagonal in an element under 
pure shear, and is presented in Timoshenko and Gere (1973) pp.60-61. 
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5.1.3 Strain along an inclined axis 
Fig.S.3 shows the front face of a rectangular element which is subjected to simultaneous 
nonnal stress cry and shear stress 'tyx. both acting on the top surface of the element The 
vertical stress, which is negative since acting towards the surface, will produce the nonnal 
strain Ey> as well as the nonnal strains Ex and Ez due to Poisson's effect, and can be calculated 









• tyx 1 ~I ~ 
cry 
Fig.S.3: Simultaneous nonnal and shear stresses acting on top surface. 
The objective of the following analysis is to detennine the strain inside the element in 
the direction of the xl-axis, which lies on the xy plane at an angle 9 with respect to the x-axis. 
In other words, the strain Eo will be expressed as a function of the angle 9 and the strains Ex. 
Ey and Yyx. which are asswned known. This analysis is presented in the textbook by 
Tirnoshenko and Gere (1973, pp.74-80) with the asswnption that the element is subjected to 
plane strain, which is described by the conditions: 
Ex ;t 0 Ey;t 0 Y yx ;t 0 
Ez = Y X2. = Y yz = 0 
(5.12) 
(5.13) 
Eq.(S.13) requires that Ez=O which is not satisfied in the stress situation shown in Fig.S.3, due 
to the Poisson's extension at z-direction caused by the vertical compression of the element. 
The actual problem therefore involves triaxial strain than plane strain. However, it is clearly 
stated (Timoshenko and Gere, 1973, p.7S) that the equations derived for an element in plane 
strain are also valid for triaxial strains, provided that the new direction (x' axis) is taken by 
rotation around a coordinate axis (rotation ofx axis around z axis by 9). 
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Fig.SA: Deformation of an element due to strains (a) EXt (b) Ey. and (c) Yyx· 
Let us consider an element of undefonned width dx and undefonned breadth dy, with 
the diagonal parallel to the x' axis, as shown in Fig.5.4. As a result of the strains EXt Ey and"(yx 
the element will elongate in the x direction by an amount Exdx (Fig.5.la), compress in the y 
direction by Eydy (Fig.5.4b), and the right angle xOy will decrease by an amount "(xy 
(Fig.5.4c). Each of these three defonnations will cause the length of the diagonal to change. 
The corresponding changes in the diagonal length are: 
d1 = E"dxcos9 
d2 = Eydy sin 9 




The total change in the length of the diagonal is the sum of these three quantities and the 
corresponding strain £e in the x' direction is obtained by dividing this sum with the initial 
length of the diagonal ds: 
EO = Ex dx COS9+Ey dy sin9+"(yx dy cos9 
ds ds ds 
Observing that dxIds=cos9 and dy/ds=sin9 we obtain: 
EO = Ex cos2 9 + Ey sin 2 9 + "( yx sin 9 cos 9 
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cos2 8 =.!(l +cos281 sin2 8 =.!(I-cos281 sin8cos8 = '!sin28 
 
eq.(S.18) can be written: 
Ee = ~ k( +Ey)+ ~ (Ex -Ey )cos28 + ~"iYX sin 28 (5.19) 
Eq.(S.19) can be used to calculate the strain Ea. The fact that, Eo is independent of the 
shear strain Ez, can be realised by considering its effect on the diagonal Ox', Fig.S.4. The 
length of the diagonal remains unaffected by the presence of strain at the z direction, since 
Ox' lies on the xy plane. 
Eq.(S.19) can also be expressed in tenns of the normal and shear stresses acting on the top 
surface. Ex and Ey are given by eq.(S.7) and eq.(S.8) respectively. The shear strain can be 
obtained by eq.(S.10): 
't 
"i =~ yx 0 
Substitution of 0 by eq.(S.11) gives: 
2(1+ v) 
v - 't 
'YX- E yx 
Finally, eq.(S.19) gives: 




It is reminded that the stresses follow the sign convention mentioned in the previous 
sections. The normal stress cry will therefore be negative, and 'tyx positive. 
5.1.4 Viscoelasticity in polymers 
In the preceding sections we have assumed that the material is ideally an elastic solid. TIle 
elastic solid deforms when subjected to stress and returns exactly to its original shape on 
removal of stress. Another type of ideal material is the viscous liquid. A viscous liquid has 
no definite shape and flows irreversibly under the action of external stress. Real materials 
have properties which are intermediate between those two ideal materials. A polymer in 
particular can display all the intermediate range of properties depending on the temperature 
and the rate of change of the applied stress (Ward, 1983. pg.79). 
Let us consider an elastic solid which is subjected to constant stress 0'0 at 10. The stress 
is removed at tit as shown in Fig.5.5. The strain follows the pattern of the applied stress 
exactly. Fig.S.S(a). If on the other hand the same stress pattern is applied on a viscoelastic 
solid, Fig.S.5(b), a different strain pattern will be recorded. In general, the total strain E in a 
viscoelastic solid is the sum of the immediate elastic deformation Eh the delayed elastic 
deformation E2. and the Newtonian flow E). In solid polymers, the term E) can be neglected 
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(Ward, 1983, pg.82). The obseIVed dimensional change with time of a viscoelastic solid 
ooder constant stress following the initial instantaneous elastic defonnation is called creep 
(Modem Plastics, 1999, pg.A.7). 
The counterpart of creep is stress relaxation, where the viscoelastic material is subjected 
to constant strain E, and a decay of stress cr is obseIVed, Fig.5.6. At sufficiently long times, 







Fig.5.5: Deformation ofa (a) ideally elastic solid, and (b) viscoelastic solid under a fixed load. 
The presence of viscoelastic behaviour will introduce error in calculating the strain inside the 
material at a given angle, following the procedure explained in section 5.1.3. The reason is 
that the elastic properties of the material E and 0, cannot be considered constant. The 
dependence of the stress - strain relation with time, as this is shown in Fig.5.S and Fig.5.6 for 
the creep and stress relaxation respectively, shows that the elastic constants are also time 
dependent. Several mathematical models have been developed for the stress analysis of creep 
(Kelvin or Voigt Model) (Ward, 1983, pg.91) and stress relaxation (Maxwell model) (Ward, 
1983, pg.89). For the dynamical stress analysis of viscoelasticity, complex expressions of the 
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Fig.S.6: Stress relaxation in viscoelastic solid. 
The theory of elasticity presented in sections 5.1.1 to 5.l.3 is therefore expected to give an 
approximation of the strain inside the material at a particular direction. However, because the 
model of elasticity is significantly simpler than the models which describe viscoelasticity, it 
was chosen for the design of the sensor. Even though it cannot be used to quantitatively 
describe the embedded FBG sensor, it can be used to obtain an estimation of the axial strain 
on the fibre for different orientations, as it will be presented in the next sections. 
More information on the viscoelastic behaviour of polymers, which includes study of 
nonlinear viscoelasticity and commercial methods of measuring viscoelasticity, is given by 
Ward, 1983, chapters 5-9. A detailed mathematical modelling of viscoelasticity may be 
found in standard textbooks (Gross, 1953, McCrum et al., 1967, Ferry, 1970, Aklonis et al., 
1972). 
5.2 Sensor design 
In the following sections, the method for measuring vertical and shear stress using fibre 
Bragg gratings embedded in elastomer, as well as the theoretical design of the sensor will be 
described. The objectives of the following analysis are: 
1. To estimate the number of FBGs needed for the measurement of the vertical stress O'y 
and the magnitude and direction of shear on the top surface of the sensor. The shear 
stress vector can be uniquely identified by measuring the two orthogonal components tyx 
and tyz which are shown in Fig.5.7. 
2. To find the orientation of the FBGs inside the material for optimal performance of the 
sensor. Optimal performance in this case will be achieved by fitting the FBGs in such a 
way that i) the maximum strain range of the fibre is achieved without the risk of fibre 
breakage, and ii) the system of equations which can be derived by measuring the Bragg 
wavelength shift of the FBGs must give a unique solution for the stress components O'y. 
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'tyx. and 't)'% under any vertical and shear stress in the range defmed by the initial 
specifications of the sensor (see section 2.3). 
3. To estimate the required mechanical properties of the material for optimal perfonnance. 
In the ideal case of a linearly elastic material, the elastic parameters E, G, and v must be 
calculated. Since those three parameters are related by eq.(5.11), any two parameters are 
sufficient for the third to be calculated. In the following analysis we will estimate the 
required E modulus and Poisson's ratio v of the elastomer. 
As has already been mentioned in the introduction of this chapter, the design is based on the 
theory of elasticity in solids. The model of the sensor was kept simple by assuming the ideal 
case of a linearly elastic material, neglecting nonlinearity and viscoelasticity. For the same 
reason we have assumed that the defonnation of the material is not affected by the presence 
of the fibres inside the material, in other words the fibres follow exactly the defonnation of 
the material. This assumption results in significant variation of the theoretical sensor 
responsivity with respect to the measured one, as will be seen in section 5.3.2. 





, FBG ~",L,L----------------.-~-----------::::--------~-------- ----_______ _ 
~ FBG 
embedded fibre Bragg gratings 
Fig.5.7: General diagram of the shear and vertical stress sensor using FBGs embedded in elastomer. 
The sensor consists of a rectangular block of solid elastomer with FBGs embedded in it, as 
shown in Fig.5.7. Application of vertical pressure or shear stress will produce defonnation of 
the material. If the bonding of the fibre to the material is sufficient to prevent slippage of the 
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fibre, then the strain in the fibre will be identical to the local strain in the material. The 
induced strain on each fibre can be calculated by measuring the Bragg wavelength shift of 
eachFBG. 
In order to comply with the specifications presented in section 2.3 for the particular 
application of this design for in-shoe measurements, the dimensions of the elastomer were 
restricted to IOxlOx3mm (WxDxH), which are in fact the overall dimensions of the sensor. 
5.2.2 Assumptions 
Before proceeding tp the theoretical analysis of the sensor it is important to mention the 
assumptions made in order to simplify the design. Some of them have already been 
mentioned and will be summarised here. 
1. The material deformation is linearly elastic in the entire operating range of the sensor (0-
500kPa for vertical and -250 to 250kPa for shear stress, section 2.3). 
2. The stress is equally distributed over the upper (active) surface of the sensor. Uneven 
stress on the top surface will produce distortion like the one shown in Fig.5.8(a), which 
will result in unequal and unpredicted stress along the fibre. 
3. The lower surface is considered permanently fixed, in a way that no horizontal or 
vertical movement is allowed. It is also assumed that the lateral expansion due to vertical 
stress, as the result of Poisson's ratio, is not prevented, contrary to the situation of the 
sensor been glued to a fixed surface, Fig.5.8(b). 
4. No torsion with respect to the vertical axis occurs when stress is applied. 1113t would 
result in unpredicted stresses inside the material and hence along the FBG, Fig.S.8(c). 
5. The fibres are perfectly adhered with the elastomer. In the opposite situation where 
slippage occurs between the fibre and the material, the responsivity of the sensor is 
expected to be significantly reduced since the stress cannot be fully transferred from the 
material to the fibre. 
6. The fibres follow exactly the defonnation of the elastomer. This is the main assumption 
which differentiates the theoretical approach discussed in this chapter with the one 
presented in the next chapter. 
7. The vertical surfaces of the sensor remain parallel after the lateral expansion of the 
material due to vertical stress and Poisson's ratio. Fig.5.8(d) shows the actual case of the 
barrel-shape defonnation due to friction on the upper and lower surfaces. 
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8. The temperature of the material rem31ns constant. Hence, any observed Bragg 
wavelength shift is due to axial strain only, and will be given by eq.(2.9) for L\T=O: 
L\AB = 0.8& (5.23) 
AB 
ay a 
+ + y + + ~-,-j-+--t-i , ., 




+ + y + I , ,--
top view (I I) 
(c) (d) 
Fig.5.S: Possible deformations of the material that could affect the stress transferred on the embedded 
optical fibres. (a) unequal loading, (b) lower surface not able to expand laterally, (c) torsion, (d) 
barrel- shape Poisson's extension. 
5.2.3 Theoretical evaluation of required number and orientation of 
the embedded FBGs 
Let as assume that a FBG lies on the yx plane at an angle 8 1 with respect to the x-axis, FBG1 
shown in Fig.5.7. Following the analysis presented in section 5.1.3, the strain on the grating 
FBGI will be given by (eq.5.22): 
(5.24) 
which shows that &1 is independent of shear stress 'tyz. It is clear that, in order to measure ay, 
'tyx. and 'tyz, providing that we know E, v, and the angle 8 for every grating, we need 3 
equations similar to eq.(5.24). Therefore, we need at least 3 FBGs embedded in the elastic 
material. Due to symmetry, the strain on a second FBG which lies on a plane parallel to yz 
plane at an angle 82 to the horizontal one (FBG2, Fig.5.7) will be given by: 
&2 = a y [1-v-(I+v)cos282]+ 'tyz (l+v)sin282 2E E (5.25) 
which is independent of the shear component 'tyx. 
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A simpler expression can be derived for the strain on the third grating by placing it 
horizontally (FBG3, Fig.5.7), as given by eq.(5.22) for 6=0: 
-YO' 
<> - y 
""3 - E 
(5.26) 
Eq.(5.26) shows that the horizontal FBG is insensitive to the shear stress applied on the top 
surface. Eq.(5.24) to eq.(5.26) is a system of 3 equations where the unknowns are the three 
components of stress. The strains £}, £2, and £3 will be calculated from the Bragg wavelen~ 
using eq.(5.23). 
We will now examine the solution of the above system of equations. The system can be 
written in a matrix form: 
where: 




B _ (1+ v)sin26 t I- E 









The system shown in eq.(5.27) can be solved for O'y, t~, and tyx' if only the coefficient 
matrix is reversible, which requires that: 
(5.33) 
The above condition is satisfied because C;C() (eq.5.32), B1;C() and B2;C() for 6,;C() and 6~ 
(eq.S.30 and eq.5.31 respectively). Hence the system has the unique solution: 
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0 0 1 
[::] = 
-C £1] 1 0 -~ (5.34) 
Bl B1C 
E2 
1 -~ E3 0 
B2 B2C 
The strains Elt E2, and E3, can be calculated by measuring the Bragg wavelength shift of the 
corresponding FBGs using eq.(5.23). We conclude therefore that three FBGs are only 
necessary to resolve the vertical and shear components of stress acting on the top surface of 
the sensor. 
The two inclined gratings, FBG1 and FBG2• were placed at the same angle e in order to 
achieve equal sensitivity of those two gratings to (jy, 'tyx and (jy, 'tyz respectively. as can be 
inferred by the symmetry of eq.(5.24) and eq.(5.25). However, if a particular application of 
the sensor requires different sensitivity at y and z directions, the fibres can be placed at 
different angles. The system of equations will still have a unique solution given by eq.(5.32) 
for different coefficients A, B, and C. 
5.2.4 Estimation of E value and angle 9 for optimal performance 
Eq.(5.24) can be used to calculate the required Young's modulus E of the elastomer. We 
need to find the E value which will make maximum use of the available strain range of the 
fibre. This condition will provide maximum sensitivity without overstraining the fibre. As it 
has already been mentioned, the typical strain range for telecommunication fibres used in 
this application is ±2500J.!t. 
The axial strain which will be transferred on the fibre also depends on the value of the 
Poisson's ratio v. Typical value for v for solid polymers is in the range of 0.35 to 0.45 (Hull 
and Clyne, 1996, pg.ll). In this theoretical analysis we assume the average value v=0.4. 
The angle e also affects the axial strain on the fibre, eq.(5.24). The nature of the glass 
fibre as well as the dimensions of the sertsor. set the limit for the maximum angle that the 
fibre can be embedded into the material. The sensor will eventually be mounted in a 3mm 
thick insole, which will accommodate the elastomer sensor and the optical fibres. The 
inclined fibre will therefore be necessary to be bent inwards after leaving the sensor. A large 
bending radius could result in increased bending loss of the optical power, or to fibre 
breakage. For the particular fibre used in the laboratory testing of the sensor we found 
experimentally that no significant bending loss (which would produce deterioration of the 
FBG readout system resolution, as discussed in section 3.6.2) occurs for bending up to 
approximately 30°. The theoretically predicted strain on the fibre will therefore be tested for 
e in the range 0 to 30°. 
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The axial strain on the fibre. for different values ofE and a, can be calculated by eq.(5.24), 
where the vertical stress CJy varies from 0 to -SOOkPa, and the shear stress tyx from -250 to 
250kPa, which cover the required operating range of the sensor. Maximum axial strain 
occurs for CJy= -500kPa and tyx=250kPa The maximum values are plotted in Fig.5.9 for 
several a and E values. The minimum axial strain (maximum axial compression of the fibre) 
occurs for CJy=O and tyx= -250kPa, and is given in Fig.5.10 for several a and E values. 
Examining those plots we conclude that safe operation of the sensor under any value of angle 
a can only be guaranteed ifE~136MPa where the maximum strain does not exceed the safety 
limit of 2S00J.!.S. Further increase of E value (use of harder material) will suppress the 
operating range by reducing the induced strain on the fibre, and hence decrease the 
sensitivity of the sensor. For optimal operation, it is therefore necessary to choose 
E=136MPa 
The predicted strain range of the FBG embedded in a material having E=136MPa, as a 
function of angle a, is given in Fig.5.11. Each data point is the relative difference between 
the maximum and minimum values, as plotted in Fig.5.9 and Fig.5.10 respectively for 
E=136MPa The plot shows that maximum sensitivity will be achieved for a=300. In that 
case, the operating range of the FBG will be -2270 to +2368~E. 
The predicted induced strain on the inclined FBGs for the optimal values E=136MPa and 
a=300 as a function of vertical and shear stress is given in the contour plot in Fig.5.12(left). 
The predicted induced strain on the horizontal grating (FBG). for E=136MPa, is also given 
in Fig.5.12(right). The operating range in this case is 0 to +1470J.!.S, which is inside the safe 
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Fig.S.12: Predicted axial strain (in J.1&) on the inclined FBGs for E=136MPa and 8=30° (left), and for 
the horizontal FBG for E=136MPa (right) as a function of shear and vertical stress. 
Due to the relatively low ratio of height to width of the sensor, the optimal angle 9=30° 
cannot be achieved in this particular implementation of the sensor. That would require the 
fibre to leave the sensor from the horizontal surfaces (upper or lower surface) instead of the 
sides of the sensor. The condition which must be satisfied, in order to ensure that the fibre 
will enter and leave the material from the two opposite side surfaces of the sensor, is 
(Fig.5.13): 
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8 h 3mm 1 0 S arctan - = arctan--1'I:f 7 
w 10mm 
(5.35) 
where h and w is the height and width of the sensor. In applications where the height of the 
sensor is not restricted to 3mm the angle can be increased up to the optimal value of 30°. The 
same could be achieved by keeping h=3mm and reducing the width and depth of the sensor. 
For example, ifw=Smm, eq.(S.3S) gives 8S31°. A reduction of the width and depth of the 
sensor is possible as long as the grating region of the fibre remains entirely inside the 
material, which is obvious for short gratings (length <2mm). However, in order to keep the 
construction of the sensor as simple as possible, we kept the dimensions of the sensor to the 
initial specifications (lOxlOx3mm) throughout this study. 
material 
entry~ 
~fi~lb~re~ ____ ~~_~ __________ ~__________________________ ~~ 
IE----- W 
Fig.S.13: Dimensional restriction of maximum angle O. 
Assuming the maximum pennitted angle 8=17° and using eq.(S.24) we obtain the optimal 
value for E modulus, which in this case is E=133MPa. The operating range in this case 
is -1461 to +2496J.lt. The predicted induced strain on the inclined FBGs for E=133MPa and 
9=17° as a function of vertical and shear stress is given in the contour plot in Fig.S.14(left). 
The predicted induced strain on the horizontal grating (FBG), for E=133MPa, is also given 
in Fig.S.14(right). 
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Fig.S.l4: Predicted axial strain (in J.1£) on the inclined FBGs for E=133MPa and 8=17° (left), and for 
the horizontal FBG for E=133MPa (right) as a function of shear and vertical stress. 
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We have assumed so far that the Poisson's ratio is constant and equal to v=O.4. An estimation 
of the sensitivity of the axial strain in the fibre to v can be obtained by examining how the 
maximum predicted axial strain varies with v. The maximum strain was previously found to 
be +2496J,lS. (for E=133MPa. 9=17°). If we assume the minimum value of v, which is equal 
to 0.35, then eq.{5.24) gives &max=2300J,lS. This corresponds to error in estimating the axial 
strain equal to -8%. If on the other hand, we assume the maximum value v=O.45, then the 
maximum axial strain is Emax=2749J,lS, which corresponds to error equal to + 10%. 
5.2.5 Material requirem.ents 
Some important specifications of the material have already been presented in the previous 
section during the theoretical analysis of the sensor, and are directly related to the 
assumptions mentioned in section 5.2.2. The properties are summarised here: 
• Linear elastic material under the expected stresses. Viscoelasticity should be as low as 
possible. 
• Good adhesivity with the glass fibre to avoid debonding and slippage of the fibre. 
• Material insensitive to temperature variations. The thermal expansion coefficient of the 
material must be low. In the opposite case, the dimensions of the sensor, and hence the 
stress distribution inside the material, will be altered. The elastic parameters of the 
material (E, G, v) must also be ideally insensitive to temperature. 
• E and v values should be close to the theoretical optimum values discussed in section 
5.2.4. 
In order to simplify the fabrication, and to enable the laboratory testing of the sensor, the 
material is required to satisfy some additional requirements: 
• The material must be in a proper form to enable the embedding of the fibres. Several 
materials are in liquid form prior to polymerisation. Those are ideal for this application, 
since the fibres can be aligned in a proper mould which can then be filled with the liquid 
elastomer and held until cured. All the materials examined in this study were of this type 
(see next section). 
• The curing of the material should not require high pressure or temperature. Prolonged 
exposure of the Bragg gratings to elevated temperatures results in reduction of the 
grating reflectivity. Erdogan el 01. (1994) have measured the Bragg grating thermal 
decay ofFBGs written in Ge-doped fibre. Permanent reduction of the grating strength by 
75% of it's initial strength at 25°C was observed after heating the grating to 350°C for 
70min and then further heating to 550°C for 80min. Some polymers, like for example 
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PVCs, require temperatures in the range 300-600°C for polymerisation (Ashby, 1993, 
pg.187), therefore should be avoided for the sensor fabrication. 
• Shrinkage of the material occurs during curing. This will result in pennanent 
prestraining of the embedded grating or bending of the fibre inside the material. It can 
also lead to distortion of the shape of the sensor. Those situations can result in 
unpredicted behaviour of the sensor or sensor damage. Materials which exhibit low 
shrinkage are preferred. 
• Due to the delicate nature of the optical fibre, the material should be easily removable 
from the mould in order to avoid bending moments on the fibre which could result in 
fibre breakage. The material should therefore not react with the mould or mould 
releasing agents. 
The application of the sensor for in-shoe measurements, the material must also comply with 
the following requirements: 
• Non-toxic and hypoallergenic. 
• The elastic properties of the material should be insensitive to moisture for a time period 
at least equal to the duration of a typical measurement on the subject, which is expected 
to be less than 10000s. 
5.3 Experimental results 
The experimental evaluation of the elastomer sensor design begins with the measurement of 
the elastic properties of the material. The results from the measurement of the Young's 
modulus for the selected materials are given in section 5.3.1.1. The measurement of shear 
modulus is given in section 5.3.1.2. 
The first implementation of the sensor, which utilises only one FBG embedded 
horizontally in the elastomer, is presented in section 5.3.2. The response of the sensor to 
vertical stress will also be discussed. 
5.3.1 Material characterisation 
The first task was to find the material with the required E and v values. Categories of 
materials that cover the range lOO-200MPa are soft PVC, soft epoxies, silicone elastomers, 
and plastics with several compositions. Information on the chemical composition, 
fabrication, physical properties, and main applications of solid polymers can be found on 
many handbooks for materials (Ashby, 1993; Shakelford el 01., 1994). Although the required 
specifications were well known, the choice of the appropriate material was difficult due to 
the lack of information regarding the elastic properties for every material. The precise value 
of E, G and v are not usually given in the data sheet supplied by the manufacturers because 
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those values are highly dependent upon the composition of the material and the fabrication 
procedure. Samples of materials were therefore ordered and the elastic parameters measured 
Five samples were chosen: 
I. SYLGARD-184, Dow Coming, 2-part silicone rubber. 
2. EPOTEK-310, Epoxy Technology, 2-part epoxy resin. 
3. TRACAST-3010 RESIN, TRA-CON Inc., 2-part epoxy resin. 
4. ATLAS 60/40119124, Rutherford Appleton Laboratory, 2-part epoxy resin. 
5. SCOTCHCAST 815, 3M, 2-part epoxy resin 
The above materials were selected mainly because they are all in liquid state, having E 
values of the same order of magnitude as that required. Curing starts after mixing the two 
parts in a particular ratio. Materials 1, 2, 3, and 5 are low temperature cured Material 4 
requires heating at 90° for 24h in order to be cured. Even though material 4 should be 
avoided for the sensor fabrication (section 5.2.5), it was useful to measure its elastic 
properties, since it was the only material with Young's Modulus given by the manufacturer 
(E=142MPa), provided that the recommended mixing ratio and curing scheme is carefully 
followed. It provides the reference for testing the accuracy of the experimental setup. 
5.3.1.1. Measurement ofE modulus 
The experimental setup for measuring E value was described in section 3.1.4. The samples 
were made equal to the actual dimensions of the sensor, 10xl0x3mm. The vertical 
compression was varied by discretely increasing the weight of the top plate. The plate was 
manually moved on and off the top plate. The weights plate was slowly placed on the top 
plate to prevent high impact forces which could damage the force sensor. The plate was then 
lifted rapidly. 
Fig.5.1S shows the time responses of the force and micrometer sensor when the only 
the weights plate is slowly placed over the top plate and then released, for the EPOTEK 
sample. The viscoelastic behaviour of the material is clearly observed. Comparing the 
micrometer output trace with the creep curve shown in Fig.5.5(b) (section 5.1.4), we observe 
the relatively fast reduction of the vertical strain (absolute value) immediately after removing 
the load, followed by a further slow reduction due to creep. The material returns to its initial 
dimensions approximately ISs after load removal. 
It was observed experimentally in many measurements for all the samples tested, that 
the micrometer output changes rapidly for approximately 0.1 s after removing the load, and 
then continues to decrease due to creep of the material. The voltage Il Vo measured during 
that time can therefore be considered as the displacement corresponding to the purely elastic 
deformation of the material. 
Fig.5.l6 to Fig.5.19 show the time responses for the other 4 samples tested. 
Viscoelastic behaviour is observed in all the materials. TRACAST response is less 
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viscoelastic compared to the other materials, where the creep deformation is approximately 
20% of the elastic defonnation of the material. ATLAS epoxy shows the strongest 
viscoelastic behaviour, where the deformation due to creep is approximately 140% of the 
elastic deformation. In terms of viscoelasticity, TRACAST is the most appropriate material 
for the sensor implementation. 
The stress - strain curve was measured for every sample by measuring the voltage II Ve and 
applying eq.(3.7) (strain due to elasticity), and the vertical stress by measuring llV1 and 
applying eq.(3.4), for different vertical loads. The results are given in Fig.5.20 to Fig.5.24 for 
all five materials. 
Because of the manual lifting of the weights plate, the experiment suffers from low 
repeatability. The error in measuring voltage II Ve is the result of the uncertainty in 
identifying the precise location in time of the O.ls interval of the transient. The faster the 
lifting of the weights, the easier it is to observe the discontinuity in the recorded micrometer 
trace. The non-repeatability increases as the weight since the effort to lift the weights is 
getting higher. In order to reduce this problem as much as possible, each data point was 
taken after recording the micrometer trace for S to 10 loading circles (total time approx. 
lmin) and measuring the sharpest of the obtained transients only. The time responses shown 
in Fig.S.IS to Fig.S.19 are the selected ones for each material and for the particular vertical 
stress of 78kPa. Careful observation of the traces in Fig.S.l7 and Fig.S.l8 for example, 
shows that both traces displayed in Fig.S.18 are sharper than the ones shown in Fig.S.17. In 
the later case it is relatively difficult to accurately set the reference lines and measure II Ve. 
Due to the poor repeatability of the measurements, it is not possible to confidently 
conclude on the precise shape of the stress - strain curve. SYLGARD and TRACAST 
responses are close to linear, whereas EPOTEK seems to increase stifThess as the stress 
increases. The data points in case of ATLAS and SCOTCHCAST on the other hand show a 
slight sigmoid stress - strain curve. 
Since the purpose of testing the material at this initial stage of the sensor design was to 
get an estimation of the E value, rather than to accurately characterise it, we will assume that 
the stress-strain response is linear. The Young's modulus will be given by the slope of the 
linear trendlines drawn in Fig.S.20 to Fig.S.24 based on the experimental data. Table S.l 
gives the measured E-modulus for the 5 materials. Only the ATLAS sample is close to the 
theoretically required value (133MPa) which was rejected for the sensor implementation due 
to the high curing temperature as well as the relatively strong viscoelastic behaviour. The E 
modulus for the rest of the samples is significantly lower than the required. 
The measured E value for ATLAS is approximately 118MPa, instead of 142MPa as 
given by the manufacturer. Possible reasons for the error are: 
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1. Different mixing ratio, curing conditions (temperature and duration), or environmental 
conditions during testing. 
2. Error due to the choice of the O.ls time where elastic relaxation of the sample occurs, 
which was purely based on the experimental observations of the time response curves. 
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Fig.S.20: Vertical stress vs vertical strain for EPOTEK. 
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Fig.S.24: Vertical stress vs vertical strain for SCOTCHCAST. 






"I:able 5.1: Measured values of Young's modulus of elasticity. 
5.3.1.2. Measurement of G modulus 
The method for measuring G modulus was presented in sections 3.1.2 and 3.1.3. The vertical 
load, which provides the necessary friction between the material under test and the testing 
apparatus, was kept constant throughout this experiment, equal to 250kPa. The 
measurements were taken on the same samples used previously for the E-modulus 
measurement. The shear stress was applied using the ElM vibrator. which was driven by 
variable amplitude, O.5Hz square pulses. The same procedure as the one described in the 
previous section was used to measure the elastic deformation of the material. 
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Fig.S.2S : Time response offorce and displacement transducers for SCOTCHCAST. 
The measured shear stress - shear strain response for each material is given in Fig.5.26 
to Fig.5.30. The measurements were restricted to a maximum shear of approximately 120kPa 
in order to avoid slippage between the top plate and the samples. The G value is calcuJated 
from the slope of the linear trendline, given in Table 5.2. 





Using the measured values for E (Table 5.1) and G (Table 5.2) we obtain an overestimation 
of v, which cannot be accepted since it exceeds the expected range of 0.35 to 0.45 . tn the 
case of ATLAS for example, the measured value are - I, which is the smallest val ue of the 
materials tested. The other extreme was SCOTCHCAST, which g.ives v=2.7. A possible 
reason for this error is the uncertainty in separating the pure elastic response from the 
viscoelastic creep, which was done by measuring the response in the 0.1 interval . A second 
reason is the assumption of linear viscoelastic I behaviour of the materials where the linear 
approximation of the stress - strain curves is based on. Eq.(5.34) is valid if only the stress on 
the materi al does not exceed the hnearly elastic region, which cannot be examined using this 
particuJar experimental setup. 
1 Linear viscoelastic behaviour occurs when the deformation of the material is described by combining 
Hook's Law of elasticity (eq.S.I), and the Newton's Law of viscosity (Ward, 1983, pg.80). 
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Fig.S.30: Shear stress vs shear strain for SCOTCHCAST. 
The presence of the vertical stress has little effect on the stress - strain curve. Fig.S.30 shows 
the data points measured under 3 different vertical stresses, 2S0, 203, and lS6kPa, where no 
significant change of the curve is observed. The maximum applied shear stress was 70kPa 
for a vertical stress of IS6kPa, and 90kPa for a vertical stress of 203kPa, which are the limits 
before slippage. 






Table S.2: Measured values of shear modulus of elasticity. 
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5.3.1.3. Comments on material testing 
The experimental setup used for the for the measurement of the elastic properties of the 
material has the following disadvantages: 
1. It can only be used to measure E and G values at low frequencies. For the complete 
design and characterisation of the sensor, dynamical measurement of the elastic 
parameters will be necessary (measurement of complex E and G modulus, Ward, 1983, 
pp.95-l07). In particular, static measurement of the E modulus can only be done, since 
the vertical load is manually lifted. Regarding the shear modulus, dynamic 
measurements up to 10Hz can only be measured, as discussed in section 3.4. 
2. Poor repeatability which introduces uncertainty in the stress - strain curve, as explained 
in section 5.3.1.1. 
However, this experiment provided an estimation on the average value of the E and G 
modulus, which was not known by the manufacturers (except ATLAS epoxy), both key 
parameter in selecting the proper material for the sensor implementation (section 5.2.5). 
Even though the experimental setup cannot be used to accurately measure E and G, it 
provides information on the relative stiffness between samples. Comparing the stiffness of 
the materials in terms ofE value (Table 5.1), or G value (Table 5.2), we obtain the same 
sequence in terms of stiffness (with ATLAS being the stiffest) regardless of the property we 
examine. 
The experiments for measuring the material properties were important to observe the 
viscoelastic creep, to measure its magnitude compared to the elastic deformation, and to 
compare the samples in terms of viscoelasticity. 
Several techniques have been developed for the dynamic measurement of viscoelasticity in 
solids. A popular industrial technique for polymer evaluation is the vibrating reed technique, 
ftrst introduced by Horio and Onogi, 1951. A small sample is clamped on a vibrating 
apparatus which is driven by a variable frequency oscillator (typical range 200-1 500Hz). The 
motion of the sample modulates the intensity of the light arriving on a photodetector. 
Measuring the amplitude of the light intensity modulation, the resonance frequency can be 
measured. E modulus is a function of the resonance frequency and the dimensions of the 
sample. The entire apparatus is placed in a cryostat and measurements can be carried out 
over a wide temperature range (-ISO to +200°C). The disadvantage of this method is that it 
only provides the E value at a particular frequency depending on the sample dimensions. 
Another technique used for dynamical measurement of extensional E modulus, for 
materials having E>lOMPa, has been presented by Pinnock and Ward (1966). The system 
uses a servo-controlled motor which provides sinusoidal strain on the sample. The stress is 
measured using a strain gauge attached on the other end of the sample. The frequency can be 
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varied up to 1kHz, and the phase between the stress and strain is recorded. The system is 
capable of measuring extensional E modulus at any frequency up to 1kHz, for temperatures 
between -150 to +200°C. 
Ward (1983, pp.126-131) describes a method of measuring E modulus in the frequency 
range 1 to 10kHz using acoustic wave propagation on the sample. The Young's modulus is 
related to the propagation constant and the attenuation coefficient of the material, which are 
measured experimentally. 
Commercially available systems are: 
1. Polymer Laboratories Dynamic Mechanical Thermal Analyser (polymer Laboratories 
Ltd., Church Stretton, Salop, UK). 
2. Du Pont 981 Mechanical Analyzer (Du Pont Company, Scientific and Process 
Instruments Division, Wilmington, Delaware, USA). 
3. The Autovibron (Toyo Baldwin Co. Ltd, Tokyo Japan). 
5.3.2 Single-grating elastomer sensor 
In order to experimentally evaluate the elastomer sensor response, a simple version of the 
sensor was fabricated. The sensor contains only one FBG which was horizontally embedded 
into the material. SCOTCHCAST was chosen for this implementation because it is low-
temperature cured (25°C) and also exhibits the lowest shrinkage during curing, compared to 
the other 3 low-temperature cured materials. The sensor fabrication, which is a simpler 
version of the 3-fibre sensor, will be explained in chapter 6. A picture of the sensor is given 
in appendix II, picture 5. The specifications of the FBG are given in Table 3.13, where the 
transmission loss for this particular one is 4dB. 
The objectives of the experiments on the simplified version of the sensor are: 
1. To measure the response of the sensor to vertical stress, and compare it with the 
theoretically predicted one. The Bragg wavelength shift was measured using the setup 
presented in section 3.6. 
2. To examine the effect of the presence of the optical fibre inside the material. This can be 
done by comparing the elastic properties of the material with and without FBG 
embedded into it. In this particular test we will compare the Young's modulus of 
SCOTCHCAST sample measured in section 5.3.1.1, with the Young's modulus of the 
single-fibre version of the elastomer sensor. For that purpose, the fabrication procedure 
of the material (mixing ratio, curing temperature and duration), as well as the dimensions 
of the material sample and elastomer sensor, were identical. The E value of the sensor 
was measured using the same experimental setup and procedure used for measuring the 
material sample, as described in sections 3.1.4 and 5.3.1.1. 
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3. To experimentally investigate the applicability and accuracy of the fibre-independent 
model for the analysis of the more complex version of the 3-fibre sensor. 
Fig.S.31 gives the measured stress - strain curve of the sensor. The response of the material 
sample (see also Fig.5.24) is also drawn for comparison. The average E value of the sensor is 
calculated by the slope of the linear trendline, which gives E=25MPa Comparing this with 
the E value of the material sample (E=21MPa), we notice an increase of stiffness due to the 
presence of the fibre. This is the first indication that the behaviour of the material is not 
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Fig.S.31: Comparison of stress - strain curve of SCOTCHCAST sample and of the single-fibre sensor. 
The response of the sensor to vertical stress was measured by increasing the number of 
weight units and then manually moving the weights plate up and down the top plate. The 
measured Bragg wavelength is given in Fig.5.32 for 3 different vertical stresses. The FBG 
readout system was set to 6scansls, SLD current 82mA, giving resolution O.02nm, section 
3.6.2. For vertical stress <llOkPa, the Bragg wavelength remains constant (inside the ±lOpm 
noise of the FBG readout system) while the vertical stress is constant. As the vertical stress 
increases, distortion of the pulses is observed. More specifically, the Bragg wavelength 
slowly reduces while the vertical load is applied. On removal of the load it returns to a value 
lower than the unstressed sensor Bragg wavelength (836.72nm), and then slowly increases 
towards that value. This behaviour seems to be related with the viscoelastic nature of the 
material, and is more pronounced at slow varying stresses. Fig.S.33 shows the time response 
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of the same grating when the load is applied for -19s, followed by -18s rest. The similarity 
with the stress relaxation curve shown in Fig.5.6 is clearly observed 
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Fig.S.33: Time response ofsensor-IFh for SOOkPa vertical stress, showing the effect of the 
viscoelastisity to the measured Bragg wavelength. 
In order to reduce the error in measuring ~AB due to the drift in wavelength, the vertical 
load was applied for a relatively short time (-0.5 to Is), followed by equal unstressed period. 
The average values of the Bragg wavelength during, and after removal of stress, were then 
used to calculate ~AB, as shown schematically in Fig.S.32. 
Fig.5.34 shows the measured Bragg wavelength shift of the embedded grating against 
vertical stress. The error bars correspond to the ±10pm noise of the FBG readout system. The 
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results from two different measurements are given on the same plot, the second one taken the 
next day. The average responsivity of the sensor is approximately 1.3pm/kPa The 
overlapping of the error bars shows good repeatability of the sensor response. Non-linearity 
is also observed, which conflicts with the theoretical analysis presented in section 5.2.3. 
Based on the assumption that the response of the sensor is independent of the fibre, the strain 





which is positive (produces extension of the fibre) since ay<O. The induced increase in the 
Bragg wavelength will be given by eq.(S.23). Combining eq.(S.23) with eq.(S.37) gives: 
A'\ _ 0.8ABv 
UI\. B - - a E Y (S.38) 
Eq.(S.38) is plotted against layl in Fig.S.3S for E=21MPa, v=OA, and Aa=836ASnm • The 
experimental data from measurement 1 (Fig.S.34) are also plotted. The theoretically 
predicted sensor responsivity (12.7pm/kPa, eq.S.38) is approximately 10 times higher than 
the experimentally measured value. This result shows that the strain transferred on the fibre 
is significantly lower than the strain due to Poisson's ratio inside the material. The fibre does 
not follow the material as we have initially assumed. The fibre and the material expand 
differently due to the large difference of their E modulus (21MPa for the material, 72GPa for 
the silica fibre). This is the second indication that the material deformation does not 
dominate the sensor response. A model which includes the presence of the fibre must 
therefore be examined in order to predict the sensor performance accurately. This will be 
discussed in the next chapter where the sensor is considered as a composite material. 
The observed non-linearity can be explained by the following reasons: 
1. Fabrication imperfections. The fibre is not precisely parallel to the horizontal plane, 
and/or it is not centred inside the material. Both conditions would affect the axial strain 
on the fibre in a non-predictable way. 
2. Distortion of the FBG reflection spectrum as the result of the non-uniform distribution of 
stress along the fibre length. This condition can be described by considering the theory 
of chirped Bragg gratings, which will be discussed in chapter 6. 
Both conditions above could affect the reflection spectrum from the grating. The measured 
reflection spectra from the embedded grating for the data points measured are plotted on the 
same graph, as shown in Fig.S.36. Comparing this graph with the one shown in Fig.3.34, 
where the plots from an identical, non-embedded grating are plotted, we notice the 
following: 
1. The peak intensity of the curves in Fig.S.36 initially varies according to tile SLD source 
resonances (see Fig.3.22 top left), but as the vertical stress increases the peak intensity is 
reduced (right 3 plots). 
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2. The FWHM bandwidth of the grating increases with vertical stress. The bandwidth was 
measured from the plots drawn in Fig.5.36. The approximate values are shown in 
Fig.5.37 for the different vertical stresses. The bandwidth increases from 0.48nm of the 
Wlstressed sensor, to 0.59run for vertical stress 51 OkPa 
The observed distortion of the reflected spectrum is another indication that the stress along 
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Fig.5.34: Measured Bragg wavelength shift against vertical stress of the FBG embedded horizontally 
into SCOTCHCAST. 
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Fig.S.37: Broadening of the embedded FBG reflection spectrum against vertical stress. 
5.4 Conclusion 
The design of the sensor using FBG embedded in elastomer was discribed in this chapter. 
The operation of the sensor was explained using the theory of elasticity of solid polymers. 
The design was based on the assumption that the elastic defonnation of the sensor, under the 
vertical and shear stress applied on its top surface, will be independent of the optical fibres 
which are embedded into the elastomer. Therefore, the defonnation of the sensor can be 
described by considering the elastic properties of the elastomer, ignoring the presence of the 
fibres. The elastic properties of the material, the number of FBGs, and their orientation 
inside the material were theoretically predicted in order to calculate the vertical stress cry, and 
the two components of shear stress tyx and tyz by measuring the Bragg wavelength shift of 
the gratings. 
The stress - strain curves of five samples of material were measured. Viscoelastic behaviour 
was observed in all samples. Due to poor repeatability of the experimental setup, only an 
estimation of average E and G values in the operating range of the sensor could be obtained. 
The measured E value in all five samples was lower than the theoretically predicted value for 
optimum sensor perfonnance. 
A simplified version of the elastomer sensor was implemented by embedding only one FBG 
horizontally inside one of the available materials. The embedding of the fibre increased the E 
modulus of the sensor, which was measured 19% higher than the E modulus of the material 
sample. The response of the sensor to vertical stress up to 500kPa was measured. Good 
repeatability of the Bragg wavelength shift with respect to vertical load was observed. The 
measured average responsivity of the sensor was 13pm/kPa, which is 10 times lower than the 
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theoretically predicted value. Non-linearity was also observed in the sensor response, 
possibly due to the distortion of the FBG reflected spectrum as the result of the non-uniform 
stress distribution along the fibre axis. 
The experimental observations shows that the fibre independent model significantly deviates 
from the experimental observations. The model should be reconsidered in order to include 
the effect of the embedded optical fibres, and derive a more accurate calculation of the stress 
distribution along the fibre axis. This model, based on the theory of composites, will be 
described in the next chapter. 
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CHAPTER 6 
Elastomer sensor - Fibre dependent model 
Introduction 
The design and principle of operation of the elastomer sensor was described in the previous 
chapter, based on the asswnption that the embedded fibre follows the deformation of the 
material without disturbing the stress distribution inside the elastomer. The first experimental 
results, however, showed significant variation from the theoretical results. The embedded 
FBG was much less sensitive to vertical stress applied on the sensor than expected, showing 
the need for a more accurate theoretical model. 
In this chapter the elastomer sensor design will be reconsidered using the theory of 
composites. The sensor will be considered as a single-fibre composite, where stress is 
applied on its top surface. The theory presented here is capable of predicting the FBG 
response for vertical stress only, and for the simple version of the sensor where only one 
FBG is embedded horizontally in the elastomer. According to this model, the interfacial 
shear stress acting on the fibre varies along the fibre length. This will produce variable strain 
along the grating length. The Bragg wavelength response in this case can be explained by 
considering the grating as a chirped FBG. 
The chapter begins with a brief presentation of the stress distribution along the fibre 
length of a single-fibre composite, and with the description of a chirped Bragg grating. The 
theory will then be applied for the design of the single-fibre horizontal sensor. The design is 
concerned with the calculation of the E modulus of the elastomer for optimal sensitivity and 
fibre safety. A prediction of the Bragg wavelength shift and the reflection spectrum 
broadening will then be given in terms of the grating length and the offset from the centre of 
the embedded fibre length. The theoretical predictions of this model will be compared with 
those of the fibre-independent model and the experimental results from the single-fibre 
sensor. 
The experimental results regarding the elastomer sensor will be presented in the rest of 
this chapter. The fabrication procedure of the elastomer sensor will be explained in detail. 
Thee sensors were fabricated and tested. The shear stress response of the single-fibre sensor 
with the horizontal FBG will be presented. The second sensor tested was again single-fibre 
but with the FBG inclined. Finally, the prototype of the 3-fibre sensor was tested. The 
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experiments are concerned with the measurement of the Bragg wavelength shift and the 
reflection spectrum defonnation for low frequency (O.5Hz) vertical and shear stress pulses. 
The time response of the sensor for shear stress up to 4Hz will also be presented. 
6.1 Background theory 
The calculation of the axial stress distribution of the embedded fibre in a single-fibre 
composite, will be presented in section 6.1.1. The definition of the chirped fibre Bragg 
grating, and principles that are directly related to the sensor design, will be given in section 
6.1.2. 
6.1.1 Stress and strain distribution in a single-fibre composite 
The following analysis is based on the shear lag model, initially proposed by Cox (1952), 
which describes the effect ofloading an aligned short-fibre composite. The axial stress in the 
fibre is transferred from the matrixl by means of shear stresses developed in the interface 
between the fibre and the matrix. The calculation of the stress distribution along the 
embedded fibre, which is briefly presented here, has been described in detail by Hull and 
Clyne (1996, chapter 6), for a single short fibre composite stressed along the fibre axis. In 
case of the elastomer sensor discussed in this chapter, the stress is applied perpendicular to 
the fibre axis, therefore the stresses developed along the fibre axis are due to Poisson's ratio 
of the matrix. 
Assumptions 
Generally, assuming cylindrical coordinates, the stress at any point in the matrix. around the 
fibre is a function of the distance x from the centre of the fibre, the radius r, and the angle ~, 
Fig.6.1. For the single fibre composite model which is described by Hull and Clyne, 
however, it is assumed that stress is independent of~. In this particular sensor design. 
compressive stress is only applied on the upper and lower surfaces of the sensor, therefore 
the stress distribution around the fibre is expected to be dependent of~. At this preliminary 
stage of the sensor design we were mainly interested to obtain an estimation of the axial 
stress distribution along the fibre axis. We can therefore tolerate at this stage error due to 
inaccuracy of the model, and to assume that the stress around the fibre is independent of ~, 
so that the model can be directly applied to the sensor design. 
I The term "matrix" will be used instead of elastomer material, in accordance to the usual terminology 
















Fig.6.1: The stresses at any element P in the matrix depends on the coordinates x, r. and 4». The design 
is based on the assumption that the stress is equal anywhere on the circumference with radius r 
(independent of the angle 4»). 
The model also assumes that i) the length of the fibre is small compared to the length of the 
matrix, ii) The matrix radius R is much larger than the fibre radius rC, iii) the fibre is entirely 
embedded into the matrix, as shown in Fig.6.2(a). In the actual sensor on the other hand. the 
embedded fibre is equal to the width of the sensor, since it enters and leaves the matrix 
material as shown in Fig.6.2(b). Ideally, the model should take into account the finite width 
and height of the sensor, and the stress distribution at the matrix-air interface near the fibre. 
For simplicity of the design. we will assume that the sensor is described by the short fibre 
composite theory. 
short\fibre 
\ fibre matrix \ R .!_:.i 0.12S \ 
-----
_. __ . __ . __ ... _ .......• _-_ ... 
I< l ~I air elastomer 
( W \< 10 )\ 
R»rr 
t«W (a) (b) 
Fig.6.2: (a) single short fibre composite model. (b) actual sensor (dimensions in mm). 
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The model described by Hull and Clyne assumes that the axial stress inside the fibre is 
constant across the fibre cross-section, and that no shear stress is developed in the fibre, as 
shown in Fig.6.3(a). The axial stress is therefore independent of rand cpo The actual stress 
defonnation is closer to the one shown in Fig.6.3(b). At any element inside the fibre, both 
axial and shear stresses are applied. which depend on x, r, and cp (in cylindrical coordinates). 
Hence, the reference lines representing the displacement of the material inside the fibre are 






Fig.6.3: (a) The axial stress dar, constant across the fibre cross-section, is assumed to be the only 
stress applied on every element inside the fibre. (b) Actual internal stresses depend on x. r. and cjl. 
The application of vertical compression on the sensor, hence perpendicular to the fibre axis, 
will produce defonnation of the fibre due to Poisson's ratio. This is shown schematically in 
Fig.6.4. The circular cross-section of the fibre will be turn to elliptical under the application 
of vertical stress, due to the elastic compression at the y-direction. and the Poisson's 
extension at the z-direction. 
+ cry + 
fibre ~ 
elastomer 
t t t 
Fig.6.4: Deformation of the fibre due to compression perpendicular to the fibre axis. Dimensions out 
of scale. 
216 
CHAPTER 6 Elastomer sensor -fibre dependent model 
Both conditions shown in Fig.6.2(b), and Fig.6.3(b) are possible to affect the reflection 
properties of the embedded FBG in terms of bandwidth and reflectivity. The effect of 
diametric point loading of FBGs was examined by Wagreich et al. (1996). A FBG was 
written in a low birefringent fibre. With no load applied, the reflection spectrum was a single 
peak centred around the Bragg wavelength (lSS8nm). As the load increased, broadening of 
the spectrum and reduction of the peak intensity was observed, until the applied load was 
increased above -40N, where two distinctive peaks separated by -Q.2nm were observed. For 
load equal to -90N, the wavelength separation was measured to be -Q.4nm. Wagreich and 
Sirkis (1997) reported that multiple peaks appear on the reflection spectrum of a FBG 
written in a single-mode fibre, as the result of both unequal transverse strain and gradient 
axial strain. Unequal transverse strain and gradient axial strain were unambiguously 
detennined by using a polarising element. The precise type of the fibre was not reported. 
It is clear from Fig.6.4 that unequal transverse strain of the fibre is expected due to 
vertical stress on the sensor. The situation, although similar, is not identical to the situation 
described by Wagreich et al. The vertical stress is distributed over the entire surface of the 
fibre, instead of transverse point loading. Furthermore, the transverse load which is applied 
on the embedded fibre is significantly lower than the test loads in Wagreich el al. (1996). A 
rough estimation of the maximum transverse compressive load on the fibre can be obtained 
by considering the maximum vertical stress (Gymax=500kPa), the embedded length of the 
fibre (L=IOmm), and the fibre diameter (2rFI2SlIDl). The overall maximum transverse force 
will therefore be: 
Ftr•max = Gy,maxA = O'y,maxL{2rc):: O.6N 
where A is the area of the diametrical and horizontal cross section of the entire embedded 
length of the fibre. At such a low transverse load, no distinctive peaks, or reflection spectrum 
broadening, are expected to be observed. 
In the following analysis, the effect of transverse fibre loading will be neglected. The 
ideal case shown in Fig.6.3(a) will be assumed. 
Calculation of axial stress distribution along the fibre 
The basis of the calculations is shown in Fig.6.S. In this diagram, reference lines 
representing the material displacement are drawn on the fibre and the surrounding matrix. 
Initially, the lines are straight and normal to the fibre axis, Fig.6.5(a). External loading is 
then applied perpendicular to the fibre axis, Fig.6.5(b). The reference lines distort as shown. 
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Fig.6.S: (a) Unstressed single-fibre composite. (b) axial displacements u introduced on applying 
vertical stress ay• and (c) variation with radial location of shear stress and strain in the material. (Hull 
and Clyne, 1996, pg.106). 
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The radial variation of shear stress in the matrix t at a given axial distance x from the 
fibre mid-point, is obtained by equating the shear forces on the inner and outer surface of the 
annulus l with inner radius rlt outer r2, and length <Ix, Fig.6.S(c): 
21tflt1dx = 21tf2t2dx (6.1) 
which gives: 
(6.2) 
The shear stress 't in the matrix at any radius p is therefore related to that at the fibre'matrix 
interface 'tj by: 
(6.3) 
where r is the fibre radius. 
The strain field around the fibre can be defined in tenns of the displacement u of the 
matrix in the x-direction, relative to the position for no applied stress (Fig.6.S). The 
increment of this displacement dUo on moving out from the fibre axis by dp, is detennined by 
the shear strain y, and hence by the shear modulus of the matrix Om: 
~~ =7= G: = ~~ (~) (6.4) 
For any given value of X, the difference between the displacement of the matrix at a radius R 





Far away from the fibre it is assumed that the influence of the fibre has disappeared so that 
the deformation of the matrix is only determined by its elastic properties. The radius R 
represents a location where this condition becomes valid. 
The tensile stress in the fibre Or is determined from the distribution of the interfacial 
shear stress. Referring to Fig.6.S(c), the balance of the external forces acting on an element 
of the fibre is: 
I This is due to the static equilibrium of the annulus at the horizontal direction. 
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21tI"dxtj = -1tI"2dO'r (6.7) 
dO'r = _ 2tj (6.8) 
dx r 
where dO'r is considered to be constant across the fibre cross-section. It is assumed that there 
is no shear strain inside the fibre and the interfacial adhesion is perfect, so that Ur=Ur, where 
Uc is the displacement of the fibre surface. The shear modulus of the matrix is given by the 
known equation (eq.5.11): 
(6.9) 
where Em, Vm the Young's modulus and Poisson's ratio of the matrix. Substitution of Om 
(from eq.6.9), and tj (from eq.6.8) to eq.(6.6) gives: 
(6.10) 





where tc is the axial strain of the fibre, and Er the Young's modulus of the fibre. The 
differential ofuR will approximate to the far-field matrix strain Em: 
(6.12) 
The overall strain of the composite £1 will be equal to the matrix strain Em. This assumption 
represents a good approximation because the far-field matrix strain is approximately unifonn 
along and beyond the length of the fibre. The matrix stress and strain builds up with distance 
from the ends of the fibre, as shown in Fig.6.S(b) (Hull and Clyne, 1996, pg.l09). Hence: 
(6.13) 
The stress distribution in the fibre can be detennined by differentiating eq.(6.10) and 
substituting the differentials from eq.(6.11) and eq.(6.l3): 
d2CJ n2 
dx2r =7{O'r -Er£m) (6.14) 
where n is a dimensionless constant given by: 
E 
n= m 
Er{l+ Vm)ln(~) (6.15) 
Eq.(6.14) is a second order differential equation with the solution: 
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crr{x}= Erem + BSinh( n; ) + DCOsh( n;) 
Coefficients B and D are calculated from the boundary conditions: 
cr r = 0 at x = ±L 




The last equation clearly shows the variation of the axial stress inside the fibre along its 
length. The situation discussed in this section is similar with the single-fibre sensor described 
in section 5.3.2. In the later case, the fibre is embedded horizontally in the elastomer, where 
the vertical stress acts perpendicular to the fibre axis. The non-uniform stress along the 
length of the embedded Bragg grating will result in non-uniform elongation of the fibre. If 
we assume that the distance between successive reference lines drawn in Fig.6.S(a) is equal 
to the period of the unstrained Bragg grating, we notice that the non-uniform stress will 
result in larger grating period in the middle of the grating and smaller at the grating edges, 
Fig.6.S(a). The gradient of the axial stress will also affect the local refractive index of the 
fibre core due to the strain-optic effect. The reflection properties of the grating (Bragg 
wavelength, reflectivity, and bandwidth) in this case can be explained using the theory of 
chirped fibre Bragg gratings, which is presented in the next section. 
6.1.2 Chirped fibre Bragg gratings 
The uniform fibre Bragg grating was described in section 2.6.2. We saw that the reflection 
properties of those gratings depend on the period of the refractive index perturbation, which 
is constant along the grating length. Bragg gratings that have a non-uniform period along 
their length are known as chirped fibre Bragg gratings. Chirp in gratings is observed in many 
different forms. The period may vary symmetrically, either increasing or decreasing in 
period around a pitch in the middle of the grating, linearly with the length of the grating, or 
may even have jumps in the period (Kashyap, 1999, pg.312). Chirp grating can also be 
achieved by changing the refractive index along the length of a constant-period Bragg 
grating (Byron et al., 1993). 
Chirped gratings are mainly used in telecommunications as in-fibre band-pass filters 
(Zhang el al., 1995), and for chromatic dispersion compensation (Ouellette, 1987). They can 
be fabricated using the holographic technique of two-beam interferometer (Kashyap et al., 
1990) described in section 2.6.3, in a tapered boron/germania doped fibre. This method has 
been proposed by Byron el al. (1993). Tapers were designed such that the fibre diameter 
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decreases smoothly from 125J.UD to 50J.llIl over a distance of 10mm. Peak reflectivity of20% 
and FWHM bandwidth of 2.9nm have been reported. Sugden et ale (1994) have presented 
another technique for chirp Bragg grating fabrication. The photosensitive fibre is curved in 
the two-beam interference field with unifonn fringe spacing. Chirped Bragg gratings with 
parameters 99% reflectivity and 7.5nm bandwidth, to 5% reflectivity and 17nm bandwidth 
have been reported. Kashyap et al. (1994) have reported a method for fabricating step-
chirped gratings using step-chirped phase mask. Reflectivity of 95% and bandwidths 
between 3 and 15nm were demonstrated. 
Fig.6.6 shows a schematic of a chirped grating of length L.. This grating can be 
approximated by a series of smaller length unifonn Bragg grating elements increasing in 
period (Othonos and Kalli, 1999, pp.l08.109). The Bragg wavelength reflected from the 
short-period grating Ashort is (eq.2.l): 
"-short = 2neffAshort (6.19) 
Similarly, the Bragg wavelength reflected from the long-period grating Along will be: 
Along = 2netr Along (6.20) 
The bandwidth of the chirped grating Bchirp will be given by (Kashyap, 1999,pg.313): 
Bchirp ~ Along - "-short = 2n eff (A long - A short ) (6.21) 
Eq.(6.21) shows that the broadening of the reflection spectrum bandwidth depends on the 
difference between the longest pitch and the shortest pitch of the grating. 
Eq.(2.2) shows that the maximum reflectivity of a unifonn Bragg grating, which occurs 
at the Bragg wavelength, increases as the length of the grating increases. Since the length of 
each element is much shorter than the total length of the grating, the reflectivity of the 
chirped grating at any wavelength between Ashort and 40. will be lower than the reflectivity 
of a unifonn Bragg grating with the same length L. as the chirp grating. The broadening of 
the reflection bandwidth is therefore accompanied with reduction of the peak reflectivity. 
Sugden et ale (1994) have measured the reduction of reflectivity as the grating period 
difference increases, in 5mm long chirp gratings. Four gratings were fabricated by bending 
the fibre in the UV interference pattern. The unifonn grating (fabricated without bending the 
fibre) was measured 88% reflectivity and OAnm bandwidth. The measured reflectivity and 
bandwidth for the other three chirped gratings were 40% and 2.9nm, 13% and 4.4nm, 4% 
and 17.3nm respectively. 
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Fig.6.6: Schematic diagram ofa chirp grating. Short wavelengths of the incident light are reflected 
from the short-pitch regions, whereas longer wavelengths travel further into the grating. (Othonos and 
Kall~ 1999, pg.108). 
6.2 Sensor design 
Let us now consider the single-fibre elastomer sensor which was fabricated and tested in the 
previous chapter. The sensor will now be modelled using the theory of single-fibre 
reinforcement composites, and the theory of chirped Bragg gratings, which were presented in 
the previous sections. 
It is assumed that the fibre is horizontally aligned inside a rectangular block of ideally 
elastic material, with the grating centred with respect to the sensor surfaces, Fig.6.7(a). The 
sensor deforms under vertical stress Gy as shown in Fig.6.7(b). All the assumptions 
mentioned in section 6.1.1 will also be accepted. 
Objectives of the design are: 
• To calculate the required Em which provides the highest sensitivity of the sensor, and at 
the same time satisfies the safety condition EmaxS2S00J.1&, where Emax is the maximum 
strain inside the fibre. 
• To predict the sensor response to vertical stress, i.e. the Bragg wavelength shift against 
vertical stress curve. 
• To estimate the broadening of the FBG reflected spectrum due to chirp. 




































Fig.6.7: Model of the single-fibre elastomer sensor. (a) The uniform grating is embedded horizontally 
(Dimensions not in scale). (b) Defonnation of the material and chirping of the grating due to vertical 
compression (Defonnation exaggerated). 
6.2.1 Estimation of Em 
The stress distribution inside the fibre along the fibre axis is given by eq.(6.lS), which is 
plotted in Fig.6.S as a function of the vertical stress and the distance from the mid point of 
the grating. The graph was obtained for the following parameters: embedded fibre half 
length L=5mm, FBG full length La=5mm, Er72GPa, Em=100MPa, vm=O.4, r=62.SJ.1II1. 
R=1.5mm. The graph shows that, for a given value of vertical stress, the maximwn axial 
stress is observed in the middle, and the minimwn at the two edges of the grating. Therefore, 
the period of the resulted chirped grating will vary from a maximwn value Alana in the 
middle, to a minimwn Ashort• at the edges of the grating, as shown in Fig.6.7. The axial strain 
inside the fibre, and along the fibre axis, will be given by: 
£(x) = a(x) 
Er 
Substitution ofa(x) from eq.(6.1S) gives: 
(6.22) 
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(6.23) 
Eq.(6.23) is plotted in Fig.6.9. The maximum axial strain is observed in the middle (x=O), 
where as the lower axial strain at the edges of the grating (x=±LJ2). Eq.(6.23) for x=O gives: 
(6.24) 
where the far-field matrix strain Em is given by eq.(6.12). Eq.(6.24) is plotted in Fig.6.10 
against the Young's modulus of the matrix Em, for Em=O.1 to 200Mpa, and for maximum 
vertical stress O"y=-500kPa The maximum strain is always lower than the safety limit of 
2500~. Increasing the stiffuess of the material reduces the sensitivity of the sensor, since 
less strain is transferred from the matrix to the fibre. For the given sensor dimensions it is 
therefore necessary to use a low-Em material in which to embed the fibre. It is reminded that 
this conclusion is inferred from the effect of the vertical stress only and on the single 
horizontal FBG, therefore it cannot be generalised for the response of an inclined grating or 
the 3-fibre sensor, where the stress distribution on the fibres will differ. 
MODELlED AX1AL STRESS ON THE FIBRE (MPa) 
.08 
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vertical stress (kPa) 
Fig.6.S: Modelled axial stress along the embedded FBG as a function of vertical stress. 
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Fig.6.10: Predicted maximum strain inside the fibre against Em. for the maximum vertical stress equal 
to SOOkPa. 
6.2.2 Reflection spectrum broadening 
It was found in the previous section that the axial strain inside the fibre varies along the fibre 
length. This will result in change of the period along the grating, as well as change in the 
effective refractive index due to strain-optic effects, In this section, an estimation of the 
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reflection spectrum broadening as the result of chirping of the FBG, due to the axial strain 
variation, will be derived. 
Let us consider a short-length Bragg grating element at a distance x from the middle of 
the embedded FBG, Fig.6.7. The Bragg wavelength shift corresponding to that element will 
be given by eq.(2.8) for L\T=O: 
L\As =(_I_Onetr +_1_0As )E(X) 
AS neff DE As 0& 
(6.25) 
where E(X} is the axial strain at the location of the element, and Aa=2l1cfrAo is the Bragg 
wavelength of the unstrained uniform grating. Substitution gives: 
( Onetr OAs) L\AB =2 AB&+nelfa;- E(X) (6.26) 
The flrst term represents the strain-optic induced change of the effective refractive index, 
and the second term the change in the pitch period for that particular grating element 
Eq.(6.26) may be expressed as (Othonos and Kalli, 1999, pg.98): 
MB = AS(I-Pe)e(x) (6.27) 
where Po is a strain-optic constant dermed as: 
2 
Pe = neff (P12 - V(P11 + P12)] 
2 
(6.28) 
PII and P12 are components of the strain-optic tensor, and v is the Poisson's ratio. For a 
typical germanosilicate optical flbre Pll=O.113, PI2=O.252, v=O.19, and I1crF1.482 (Othonos 
and Kalli, 1999, pg.99). Using these parameters, eq.(6.28) gives po:O.2. Substitution to 
eq.(6.27) gives: 
(6.29) 
Each element along the embedded FBG will exhibit different wavelength shift, which is 
proportional to the axial strain at the location of the element, and will be given by eq.(6.29}. 
The maximum wavelength shift will therefore be observed by the element at x=O, where the 
axial strain is maximum: 
L\AB.max = 0.8AsE(0) 
Similarly, the minimum wavelength shift will be observed at x=±LgI2: 
Lg 
L\AS,min = 0.8AsE(±T) 
(6.30) 
(6.31) 
The maximum strain E(O) is given by eq.(6.24). The minimum strain E(±L/2) is given by 
eq.(6.23) for x=±Lgl2: 
(6.32) 
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Fig.6.11 shows schematically the wavelength shift and spectrum distortion of the 
embedded FBG when the sensor is subjected to vertical stress. Under no vertical stress, the 
embedded FBG is unstrained and unifonn. The bandwidth B of the unifonn FBG will be 
given by eq.(2.5). An approximate value of the bandwidth broadening of the chirped FBG 
can be obtained by eq.(6.21): 
(6.33) 
From Fig.6.11 we obtain: 
(6.34) 
Substitution of Ms,llUlX> Ms,min from eq.(6.30) and eq.(6.31) respectively, and Em from 
eq.(6.12), the spectrum broadening Bchirp. after the algebraic calculations, can be written as: 
(6.35) 
Eq.(6.3S) is shown graphically in Fig.6.12 as a function of vertical stress 0',., for 
different grating lengths L" from Imm to Smm. The following parameters were used: 
Et=72GPa, r=O.0625mm, R=1.5mm, L=10mm, Aa=836.5nm. The elastic properties of the 
matrix are Em=10MPa and vm=OA, typical values for silicone elastomers (Ashby, 1993, 
pp.28-29). Silicone elastomers are the most appropriate materials for the sensor fabrication 
because their E modulus is generally lower than other engineering polymers. Low Em is 
important for high sensitivity of the sensor, as shown in section 6.2.1. Furthermore, silicone 
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Fig.6.11: Schematic diagram of Bragg wavelength shift and reflection spectrum broadening as the 
result ofFBG chirp due to vertical stress. 
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Fig.6.l2: Modelled reflection spectrum broadening as a function of vertical stress, for En,=10MPa and 
for different grating lengths. 
Fig.6.12 shows the predicted increase of the grating bandwidth as the vertical 
compression increases from 0 to 500kPa with respect to the unifonn bandwidth B. The value 
B=O.4nm is equal to the FWHM of the FBGs used in the experiments, as this was measured 
using the CCD spectrometer. The reflection spectrum was also measured using an optical 
spectrum analyser as shown in Fig.3.24(right), section 3.5.3, which gives B~.2nm. The 
value B~.4nm was used in the above graph in order to enable the comparison of the 
theoretical with the experimental results, which were all measured using the CCD 
spectrometer. The dependence of the spectrum broadening with the length of the grating is 
significant. For Lg=5nun (equal to the grating length of our FBGs), the bandwidth is -75% 
higher at maximum vertical stress compared to the unstressed value. The broadening is 
smaller for shorter gratings. Particularly for L,=lmm, the spectrum broadening is less than 
5% at any vertical stress. The linear variation of the reflection spectrum with the vertical 
stress is also observed, which can be directly inferred from eq.(6.35). 
The broadening of the reflection spectrum is possible to produce error in the calculation of 
the Bragg wavelength shift. The Bragg wavelength shift is measured by applying a quadratic 
polynomial fit in 5 sequential pixels around the reflection peak, as discussed in section 3.6.1. 
The accuracy of the measured Bragg wavelength therefore. depends on the accuracy of the 
fitting curve to approximate the actual reflection spectrum of the grating. Any distortion of 
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the reflected spectrum other than the shift in wavelength would affect the accuracy of the 
algorithm to detect the Bragg wavelength. In this particular application there are several 
factors which could affect the spectrum shape in a non-predictable way. For example. Em is 
assumed constant in the 0 to 500kPa stress range. which depends on the material, and could 
not be verified during this study for the five materials which were examined, as explained in 
section 5.3.1.1. The presence of3 non-parallel fibres in the material is also expected to alter 
the in-fibre stress distribution, therefore the actual shape of the reflection spectrum. 
Non-uniform stress on the top surface could also produce unpredicted reflection shape. as the 
result of non-symmetric chirp. Let us assume for example an off-centre point load FL on the 
top surface of the sensor. The axial strain distribution along the fibre axis can be similar in 
shape with the sketched curve, Fig.6.13. The non-symmetric axial strain could lead to non-
symmetric reflection spectrum shape. This can be understood by considering the contribution 
of the reflection spectra of the Bragg grating elements along the full length of the grating. 
Elements having Bragg wavelength between AI and A.max (located between -LJ2 and XI) 
appear twice, whereas elements with Bragg wavelengths between AI and Amin (located 
between XI and Lgl2) appear once. The overall intensity of the chirped FBG is therefore 
expected to be higher between AI and Amax. and lower between Amin and AI. with respect to 
the shape of a symmetrically chirped FBG. 
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Fig.6.13: Effect or non-symmetric axial strain along the embedded grating on the reflection spectrum 
shape. 
It is therefore important to minimise the sensitivity of the reflection spectrum shape to 
the in-fibre stress distribution by keeping the length of the grating as small as possible. 
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Reducing Lg on the other hand reduces the reflectivity of the grating (eq.2.2) which in tum 
reduces the SNR of the reflected light, eventually decreasing the readout system resolution. 
Accurate modelling for stress analysis of the sensor and experimentation will therefore be 
necessary in order to obtain the optimal value of the fibre length. 
6.2.3 Mean wavelength shift 
Let us now assume that the reflection spectrum of the chirped grating is symmetrical with 
respect to the mean wavelength Ac:hirp. as shown previously in Fig.6.11, then we can defme 
the mean Bragg wavelength shift of the chirped FBG as the average: 
'\ 6ABmax +MBmin 
611.chirp = ' 2 ' (6.36) 
Substitution of M B,IIl8lb MB,min from eq.(6.30) and eq.(6.31) respectively, and Em from 
eq.(6.12), eq.(6.36) gives: 
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(6.37) 
Fig.6.14: Modelled mean Bragg wavelength shift of the embedded grating for E.n=10MPa. 
Eq.(6.37) shows the linear relationship between the mean Bragg shift of the chirped grating 
with ay. The above equation is plotted in Fig.6.14 as a function of vertical stress, for grating 
lengths Lg=lmm to Smm. All other parameters are identical to those presented in section 
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6.2.2. The predicted responsivity is 2.2pmlkPa for Lg=Smm. The reduction in grating length 
from 5 to Imm increases the responsivity by -11 %. The improvement of sensor responsivity, 
together with the reduction of spectrum broadening (Fig.6.I2), are the two advantages of 
using short FBGs. 
6.2.4 Sensitivity of the FBG response to otT-centre placement 
In the previous sections we have assumed that the grating is located in the centre of the 
embedded fibre. In practice, this is difficult to be achieved, due to the uncertainty in rmding 
the precise location of the FBG on the fibre. During the fabrication procedure, the coating of 
the fibre was removed for a length of approximately 2Smm. and then centred in the 
interference pattern region. The UV exposed region of the fibre was then marked before 
removing the fibre. The location of the grating is known by approximately ±2mm. 
In this section we assume that the FBG is not in the centre of the embedded length of 






Fig.6.l5: Displacement ofFBG from the centre of the embedded fibre by distance d. 
The maximum axial strain occurs in the middle of the embedded fibre (x=0), given by 
eq.{6.24). The maximum wavelength shift therefore occurs for a grating element located at 
x=O, which is given by (eq.6.30): 
L\An.max = 0.81..n&(0) (6.38) 
Due to the displacement of the grating, the minimum strain on the fibre will now appear at 
x=LJ2+d, which will be given by eq.{6.23) for x=LJ2+d: 
f; +  '... =.+ -COsh( n(L~: 2d l)sech( ~ ) ] (6.39) 
Therefore, the minimum wavelength shift occurs for a grating element located at at 
x=LJ2+d: 
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Lg 
.dAB.min = 0.8ABt(-+d) 
2 
(6.40) 
The spectrum broadening due to chirp, as a function of the grating offset, will be given by 
eq.(6.34), which, after substitution finally gives: 
0.8ABVmGy (nLl (n(Lg +2d)) ] Bchirp = sech - cosh -I 
Em r 2r 
(6.41) 
The mean Bragg wavelength shift, as a function of the grating offset, will be given by 
eq.(6.36), which finally gives: 
0.4ABVmGy { (nLl (n(Lg + d))]} Mchirp = - 2 -sech -- 1 + cosh -..:..~~ 
Em r 2r 
(6.42) 
Eq.(6.41) and eq.(6.42) are plotted in Fig.6.16 and Fig.6.17 respectively. The 
displacement is increased up to 2.Smm, where the grating reaches the side of the sensor. The 
parameters are set equal to those mentioned in section 6.2.2, for grating length L1=Smm. As 
the displacement increases, the bandwidth of the chiIped grating increases. For d=2.Smm, 
the bandwidth broadening has been increased by a factor of 4 compared to the centred FBG. 
The mean Bragg wavelength shift is less sensitive to displacement and decreases as d 
increases. It is therefore important that the grating offset from the centre of the fibre is 
minimised in order to avoid loss of sensitivity and broadening of the reflection spectrum. 
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Fig.6.16: Modelled mean Bragg wavelength of the chirped FBG as a function ofvertica1 stress, for 
different values of grating displacement d (in mm). 
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Fig.6.l7: Modelled mean Bragg wavelength of the chirped FBG as a function of vertical stress, for 
different values of grating offset d (in mm). 
The grating offset is also expected to affect the symmetry of the reflection spectrwn shape 
around the mean Bragg wavelength, since the axial strain distribution inside the FBG, hence 
the chirp of the grating, is not symmetric. Referring to the offset condition shown in 
Fig.6.18, the reflection spectnun will contain spectra from grating elements at distances x 
where LJ2-d ~ x ~ LJ2+d. These spectra correspond to Bragg wavelengths which are lower 
compared to the rest of the grating elements in the embedded FBG, which explains the 
spectrum broadening. Due to the lack of symmetry, they only appear once in the overall 
spectrwn, contrary to the elements located between -L/2+d and L/2-d. which appear in 
couples. This explains the non-symmetrical shape of the overall reflection spectrum shown 
in Fig.6.18. 
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Fig.6.18: Effect of off-centre placement of the embedded FBG on the axial strain along the embedded 
grating, and on the reflection spectrum shape. 
6.3 Comparison of theoretical predictions and experimental 
results using both models for the single-fibre sensor 
The experimental results from measuring the single-fibre sensor have been presented in 
section 5.3.2. The comparison of the measured sensor response to vertical stress, with the 
theoretical predictions based on the fibre independent model, was given in Fig.S.3S. The 
theoretical prediction and the experimental measurement of the sensor responsivity are 
significantly different The theoretical prediction overestimates the stress transferred from 
the elastomer to the fibre by an order of magnitude, and hence the induced Bragg wavelength 
shift. The assumption that the embedded fibre follows the defonnation of the surrounding 
material, which was the basis of the theoretical analysis presented in the previous chapter, 
was inaccurate. 
In this section the prediction of the fibre dependent model described in this chapter will 
be compared with the experimental results, and with the prediction of the fibre independent 
model. For that purpose, the same mechanical parameters will be used for both models, 
which are summarised in Table 6.1. It is reminded that the elastic properties of the material 
could not be measured accurately. We will use the measured average value E=21MPa (see 
Table 5.1), and Poisson's ratio v=O.4. 
The measured 6.AB - CIy curve, and the theoretically predicted ones are plotted on 
Fig.6.19. The curve corresponding to the fibre independent model is obtained using 
eq.(S.38). The predicted curve of the fibre dependent model is given by eq.(6.37). 
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Parameter Value Parameter Value 
grating length Lg 5mm sensor half height R 1.5mm 
Bragg wavelength A.s 836.5nm matrix modulus Em 21MPa 
fibre halflength L Smm fibre modulus Ec nGPa 
fibre radius r 62.SJ.UIl matrix Vm 0.4 
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Fig,6.19: Bragg wavelength shift against vertical stress, as predicted by the two models, and as 
measured experimentally. 
It is apparent that the fibre dependent model provides a significantly better approximation of 
the actual response of the sensor compared to the fibre independent model. However, the 
average measured sensor response is approximately 45% lower than the theoretical 
prediction. One reason for this error is the uncertainty of the actual elastic properties of the 
elastomer. 
Fig.6.20 shows the effect of Em and Vm variation to the predicted sensor response. The 
experimental and theoretical (for Em=21MPa, vm=O.4) curves are drawn for comparison. The 
other curves are obtained using eq.(6.37), by change one parameter only with respect to the 
theoretical curve, which parameter is shown as label next to the corresponding curve. The 
response is sensitive to Vm by approximately 10% for 0.3S~vmS0.4S. Error in Poisson's ratio 
cannot therefore produce the observed deviation between the theoretical and experimental 
results. Variation of Em in the range 1 to 200MPa, which covers the entire range of the 
engineering elastomers (Ashby, 1993,pg.28), produces significant variation of the predicted 
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sensor response. The prediction for Em=130MPa is close to the experimental curve. 
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Fig.6.20: Modelled sensor sensitivity to Em and Vm variation. The experimental response is also drawn 
for comparison. 
A second reason which could explain the error of the theoretical prediction, is the 
assumption of the theoretical model that the interfacial shear stress acting on the fibre at a 
distance x from the middle point, is uniform at the circumference of the fibre at that 
particular distance x. In other words, it was assumed that the interfacial stress around the 
fibre is independent of the angle cp in cylindrical coordinatesl . 'This is true for the single-fibre 
model presented by Hull and Clyne (section 6.1.1), where a composite material is subjected 
to stress along the fibre axis. In this application however, stress is applied perpendicular to 
the fibre axis. Furthermore, the stress is applied in the y-direction only, which is normal to 
the top surface of the sensor, and not symmetrically around the fibre. This loading condition 
is possible to produce actual interfacial stresses around the fibre which depend on the angle 
cpo In that case, the overall interfacial shear stress, will not be given by the LHS part of 
eq.{6.7), eventually leading to error in estimating the in-fibre axial stress distribution by 
using eq.{6.18). The validity and the importance of this explanation can only be verified by 
accurately calculating the interfacial stress distribution using a theoretical model which will 
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Fig.6.21: FBG reflection spectrum bandwidth. Comparison of theoretical prediction and experimental 
results. 
The examination of the reflection spectra under different vertical stress, which were plotted 
in Fig.S.36, showed broadening of the reflection spectrum, which was also plotted in 
Fig.S.37. The experimental measurement of the spectrum broadening are plotted again in 
Fig.6.21 together with the theoretical prediction, given by eq.(6.3S) increased by the 
bandwidth of the uniform grating B=OAnm. The actual FBG bandwidth was measuredl to be 
OA6nm for the unstrained sensor, which explains the downwards shift of the theoretical 
curve. The measured average increase in bandwidth is O.22pm/kPa The fibre dependent 
model gives a significantly larger increase of O.7pm/kPa The overestimation of the 
bandwidth increase is related with the overestimation of the stress transferred to the 
embedded fibre for the reasons explained previously. The significant dependence of the 
spectrum broadening on the length of the grating La' which was shown previously in 
Fig.6.12, is another possible reason for the overestimation of the spectrum broadening. It is 
reminded that the length of the grating was not measured. We accepted that La is equal to the 
UV beam diameter. This requires that the intensity of the UV beam is uniform along the 
Smm diameter, and the fibre is precisely aligned inside the interference pattern at the point 
where the two UV beams fully overlap, as can be inferred from the geometry of the FBG 
fabrication setup, explained in section 2.6.3. Neither the beam profile, nor the precise 
location of the fibre was known for the FBG. If the actual length of the grating is lower than 
I The cylindrical coordinates are (x. r, 4», where x is the direction of fibre axis, r the radius, and 4> the 
azimuth, as used previously in section 6.1.1. 
2 using the FBG readout system presented in section 3.S. 
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SIIlIIl, then the actual rate of broadening will be less than the predicted O.7pmIkPa. The mean 
Bragg wavelength shift on the other hand is much less sensitive to La variation, as shown in 
Fig.6.14. This is a possible reason for the relatively larger error in estimating the spectrum 
broadening compared to the error in predicting the Bragg wavelength shift. 
The fibre dependent model predicts a linear increase in Bragg wavelength with vertical 
stress. However, the measured sensor response is not linear, as shown in Fig.6.20. The 
observed non-linearity is repeatable within the error range of the experimental setup, as 
shown previously in section 5.3.2, Fig.S.34. The calibration results presented in chapter 3, 
particularly the force sensor response shown in Fig.3.13, as well as the FBG readout system 
response shown in Fig.3.34, which are both linear, are strong evidence that the non-linearity 
is not caused by the experimental setup. A possible reason, mentioned in section 5.3.2, is the 
non-unifonn stress distribution which produces distortion of the reflection spectrum due to 
chirping of the grating. The spectrum broadening is an evidence of this distortion. However, 
the fact that the shapes of the wavelength shift and spectrum broadening curves, shown in 
Fig.S.34 and Fig.S.37 respectively, are not similar (the rate of wavelength shift tends to 
decrease as CJy increases, contrary to the rate of spectrum broadening which slightly 
increases), is an indication that, not only the bandwidth, but also the spectrum envelope is 
distorted. The interaction of the distorted spectrum envelope with the peak detection 
algorithm (see section 3.6.1) could result in false calculation of the mean wavelength shift. 
6.4 Experiments 
The experimental results of the single-fibre sensor response have already been presented as a 
means of comparison between the prediction of the two theoretical models. However, the 
vertical stress response was only examined, in the simple fonn of the sensor where only one 
FBG is embedded horizontally in the elastomer. This is the only situation where the theory 
of single-fibre composite, as presented section 6.1.1, can be used to provide a reasonable 
prediction of the stress along the fibre. 
In this section, all the laboratory work done regarding the elastomer sensor will be 
presented in detail. Objectives of the experiments are: 
1. To measure the response of the horizontally embedded FBG to shear stress. The fibre-
dependent model cannot be used to predict shear response. The fibre-independent model 
however, even though it cannot accurately model the actual response of the sensor, 
predicts that zero axial stress should be transferred on a horizontal grating. eq.(S.26). 
The shear response will therefore be measured and compared with the response to 
vertical stress. 
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2. To measure the response of an inclined FBG to vertical and shear stress. Based on the 
fibre-independent model, the vertical stress, and the parallel to the fibre axis component 
of shear stress, will result in axial strain on an inclined fibre, eq.(S.24). For that purpose, 
a second sensor had to be implemented, where the FBG is embedded at an angle. 
Conclusions on the effect of the fibre angle can then be derived by comparing the 
experimental results on those two single-fibre sensors. 
3. To examine the feasibility of the 3-fibre sensor. The final version of the sensor will 
contain 3 optical fibres in a relatively small volume of material, which complicates the 
fabrication procedure. The fabrication of the sensor at a reasonable cost was an essential 
task. 
4. To investigate the effect of the presence of 3 fibres on the response of each individual 
grating, by comparing the response of a 3-fibre sensor with that of the single-fibre 
sensors. 
S. To re-examine conclusions which have already been derived from the single-fibre 
horizontal sensor, regarding the observed non-linearity, spectrum distortion, and 
bandwidth broadening, by collecting data from more than one sensors. 
6. To examine the time response of the gratings to shear and vertical stress, which will 
provide an experimental evidence of any effects caused by the viscoelastic nature of the 
elastomer. 
7. To measure the dynamic response of the sensor at low frequencies (0 to 4Hz). The upper 
frequency limit is set by the sampling rate of the FBG readout system, as explained in 
section 3.6. 
Due to the lack of an accurate theoretical modelling of the 3-fibre sensor, it is not possible to 
predict the sensor behaviour and to quantitatively explain the results. Our comments and 
conclusions are based on the experimental data, collected on a limited number of sensors. 
The study of the two models presented so far can only help us to understand the principle of 
operation and to qualitatively explain the experimental results. The following experiments 
will provide essential infonnation in order to accomplish the aim of this preliminary study, 
which was to examine the feasibility of the embedded FBG sensor. 
1bree sensors have been fabricated and tested. They are named as follows: 
• sensor-lFh: I FBG embedded horizontally. The response of this sensor to vertical stress 
has already been tested. 
• sensor-lFi: I FBG embedded at an angle. 
• sensor-3F: This sensor contains 2 FBGs, one horizontal and one inclined. A third fibre 
(no grating) is also embedded inside the material. 
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The fabrication procedure of the elastomer sensor is described in section 6.4.l. The 
measurement of the shear stress response of sensor-lFh will be described in section 6.4.2. 
The results from the measurement of the response of sensor-lFi and sensor-3F to vertical 
and shear stress, is given in sections 6.4.3 and 6.4.4 respectively. The time response of the 
elastomer sensor, and particularly of the inclined FBG in sensor-3F, to variable frequency 
shear stress pulses (up to 4Hz), is given in section 6.4.S. 
6.4.1 Fabrication of the elastomer sensor 
The fabrication of the elastomer sensor will be presented in this section. The procedure will 
be explained for the 3-fibre sensor. The single-fibre sensors were fabricated using the same 
procedure, where the other two FBGs were omitted. 
The fabrication procedure should satisfy the following requirements: 
• All opposite surfaces of the sensor, or at least the upper and lower surfaces, must be 
precisely parallel to each other and smooth. Non-parallel (see also Fig.S.8a) and/or rough 
surfaces of the sensor will result in variation of the contact area between the sensor and 
the metallic surfaces of the testing apparatus. This condition will introduce error in 
calculating the vertical and shear stress applied on the sensor using eq.(3.1) and eq.(3.4) 
respectively. 
• The elastomer is in liquid form prior to curing. It will therefore have to be poured into a 
mould, which must prevent leakage from gaps around the fibres, or other openings of the 
mould. Leakage will result in unsuccessful fabrication of the sensor and permanent 
damage of the FBGs due to contamination of the fibre surface from residual elastomer. 
• The sensor should easily be removed from the mould, without over-bending or applying 
excessive axial stress on the fibres. 
The first task of the sensor fabrication procedure was the construction of the mould. It was 
found that metal or plastic could not be used. A first attempt to make the sensor was 
achieved by pouring the material into a plastic box (DIM I09PB ABS potting boxl, 
llxllx9mm). A bare fibre was horizontally installed by cutting two O.2Smm-width slits on 
the opposite vertical sides of the box, beginning from the open top, down to l.Smm from the 
base of the box. The elastomer was then poured into the bow, filling it at a height of 3mm. 
Even in this simple case where only one fibre was installed, several problems were 
encountered. Leakage of the material was observed from the gap between the fibre and the 
mould wall. Even though we used mould releasing agent as recommended in the elastomer 
data sheet, it was impossible to remove the cured material without breaking the fibre due to 
1 Boss Industrial Mouldings Ltd, James Carter Road, Mildenhall, Suffolk IP28 7DE, England. Tel: 
+44 (0)1638 716101 Fax:+ 44 (0)1638 716554. 
241 
CHAPTER 6 Elastomer sensor - fibre dependent model 
relatively strong bonding with the mould walls. Plastics, and for the same reasons metals, 
were rejected for use as the sensor mould. 
A material which is easy to process, and also satisfies the requirements mentioned 
earlier, is engineering wax. Since the elastomer is low-temperature cured, a low-temperature 
melting wax is preferred, which is easier to process. The melting point of the particular wax 
was 85°C. The wax. mould consists of two identical parts as drawn in Fig.6.22(a). When 
these two parts are held together, the rectangular cavity inside the wax has the required 
sensor dimensions, Fig.6.22(b). The liquid elastomer is poured inside the cavity using a 
syringe, via the l.Smm diameter tube. A second tube is used to allow the air escape from the 
cavity while filling it with the material. 
Each part of the wax mould can be individually fabricated in the workshop by cutting 
and milling. The sensor specifications and fabrication process require the two mould parts to 
be identical. An easy, time-effective method, for precise replication of the mould parts is to 
melt the wax and pour it in a metallic negative mould. Picture 4 in appendix II shows the 
metallic negative mould, and two identical wax parts made with it. The metallic mould was 
first preheated in an oven to -100°C, and the liquid wax was then poured into it via the 
circular openings (see picture). The mould was preheated in order to avoid cracks on the wax 
mould due to rapid cooling of the wax. The wax mould can be easily removed after curing 











sensor / "----''---I 
cavity 
(b) 
Fig.6.22: (a) Dimensions of each wax mould part (mm). (b) Two identical wax parts are used to fonn 
the sensor mould. 
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Fig.6.24: Soldering of the optical fibre on the wax: mould . 
Fig.6 .23 shows the orientation of the 3 fibres inside the mould (top vi ew). f ibre- l is 
horizontal , fibre-2 lies on a vertjcal plane parallel to the verti cal plane defin ed by fi bre- I, and 
fibre-3 on a vertical plane perpendicular to the oth.er two. TIle FBGs on each o f the fibres are 
placed close to the centre of the rectangular cavity. tn order to avoid contac t f the fibres, 
which could affect the sensor response, or even lead to fibre breakage, tJle fibres are 
off-centred by lImn. Any debris on the bare-fibre region around the FBG of each fibre is 
removed using methanol. The fibre is then temporarily mounted between two fixed.. steel 
rods using blue tag, at the desired angle e with respect to ilie horizontal plane. Fig. 6.25 
shows the alignment of one of the inclined fibres . The other two fibres are placed in the same 
way on 4 separate rods (not shown), so that the 3 FBGs intercept as shown in Fig.6.25. After 
this stage, a stereoscope is necessary to simplifY the next steps. One of the wa.x mould parts 
is placed horizontally on a translation stage, and positioned underneath the gratings. areful 
manipulation is required to avoid breakage of the fibres or misalignment. Two inclined V-
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grooves have been previously etched on the wax using a small, flat screwdriver, to 
accommodate the inclined fibres 2 and 3. A picture of the fabrication setup at the point 
where the V-grooves are etched and the wax mould is properly aligned at the intersection of 
the 3 fibres is given in appendix II, picture 3. The fibres are then soldered to the wax mould 
using a soldering iron set at .... 300°C. A droplet of wax fills the groove and permanently fixes 
the fibre, as shown in Fig.6.24. The soldering iron is then carefully placed inside the V-
groove, just above the fibre in order to melt the wax around the fibre and provide a smooth 
top surface. It is important to keep the soldering temperature high in order to reduce the time 
required for this stage to be completed, and prevent degradation of the grating due to heating. 
The contact of the soldering iron with the fibre was avoided throughout this procedure. 
The installation of the horizontal FBG does not require V -groove etching. The fibre is 
placed in contact with the mould and the soldering iron is moved along and parallel to the 
fibre at a distance ..... lmm away from the fibre, with the hot tip just touching the wax surface. 
Experimentation with a bare fibre is required to perfect the technique. This is repeated for 
the other end of the fibre, until the entire fibre is embedded in the wax (grey regions, 
Fig.6.23), just underneath the top surface. 
A second mould part (wax part 2) is then positioned on the top of part 1, as shown in 
Fig.6.2S. Two inclined V-grooves, which are required to accommodate the two inclined 
FBGs, have also been etched. After carefully aligning the two parts by slightly moving and 
rotating the top part only, they are permanently fixed by soldering the contact interface 
around the comers with the soldering iron. The V -groves are then filled with wax which 
fixes the inclined fibres. Because there is no access in the interior of the mould (close to the 
sensor cavity), there will unavoidably be left a small air gap between the fibre and the V-
groove close to the sensor cavity. This will eventually be filled with elastomer. However, the 
sensor perfonnance will not be affected, due to the small height of the residual material 
around the inclined fibre, compared to the overall height of the sensor. 
The fibres are now released from the rods. The gap along the contact interface of the 
two mould parts is then sealed by melting additional wax all around the mould. Care must be 
taken not to accidentally release the fibres, or block the input tubes. The mould is then filled 
with the elastomer, which was mixed and degassed according to the manufacturer 
instructions. The lmm-diameter syringe needle is used to allow easy flow of the viscous 
material. 
After the curing time is completed, (24h at 24°C for SCOTCHCAST), the sensor is 
removed by melting the surrounding wax using a hot-air gunl . The wax is removed in layers 
with a pause period of a few minutes between them, in order to avoid excessive heating of 
the sensor. The upper and lower surfaces of the sensor are fmally cleaned by heating (with 
I The output temperature from the air-gun was measured to be approximately 400°C. 
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the hot-air gun) and pulling a lens cleaning tissue over the surfaces, absorbing any residual 
wax of the surfaces. 
Fixed 
rod 
wax part 2 
FB -c 
xyz stage 
Fig.6.2S: Alignment of the inclined FBG in the wax mould. 
6.4.2 Measurement of sensor-lFh to shear stress 
Fixed 
rod 
The experimental setup for measuring the shear response of sensor-l Fh was described in 
section 3.1.2. The FBG readout system was set to 6scans/sec, and the SLD source to 82mA. 
Following the procedure described in section 3.6.2, the wavelength resolution of the system 
was measured to be O.02nm. The sensor was measured under constant vertical stress of 
approximately 250kPa. In order to avoid slippage and prevent breakage of the fibre, shear 
stress was restricted to the range -110 to + 11 OkPa. 
Initially the sensor was subjected to O.5Hz, variable amplitude, shear stress pulses. 
Even at relatively large shear stresses (up to 80kPa) it was difficult to observe shift in the 
Bragg wavelength due to the ±O.O Inm system noise. Instead, the sensor was subjected to 
continuous shear which was manually triggered on and off by the signal generator. Shear 
was applied for approximately lOs and the average value of the Bragg wavelength shift was 
recorded. The magnitude of shear stress was measured during the off-transient, in exactly the 
same way as described in section 3.2.1 (Fig.3.7, voltage I1V2). 
The Bragg wavelength shift against shear stress is plotted in Fig.6.26. Shear was 
applied in two directions, parallel and perpendicular to the FBG axis. In order to measure the 
sensor response to negative shear (opposite way), the sensor had to be manually rotated and 
aligned for each of the 4 curves plotted. Positive wavelength shift is observed in both 
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positive and negative shear. The average responsivity to shear stress is approximately 
+0.45pmIkPa, which is 3 times lower than the average responsivity of the same grating to 
vertical stress (1.3pmIkPa, section 5.3.2). This result is in contrast with the fibre-independent 
model. which predicts that the horizontal FBG is independent of shear stress, eq.(S.26). 
However, the response of the grating to vertical and shear stress is significantly different. 
Because of the relatively large noise on the FBG readout system, it is not possible to 
examine the sensor response accurately in terms of linearity. Neither the actual shape, nor 
the relative difference of the response curves under different shear directions can be 
obtained, due to the overlapping of the curves, as they are defmed by the error bars. 
The reflection spectra for several values of shear stress, in the range -llOkPa to 
+1l0kPa, parallel and perpendicular to the FBG, are given in Fig.6.27 to Fig.6.30. Each 
spectrum on any of those graphs corresponds to a random acquisition during the period 
where the sensor is under constant shear stress, and are therefore not directly related to the 
data points shown in Fig.6.26, which are average values of the Bragg wavelength shift. The 
relatively smaIl wavelength shift, as well as the random noise on the intensity of each pixel. 
which, for this particular grating and readout system settings, was measured as ±6counts (see 
also section 3.6.2), does not allow the measurement of change in the spectrum bandwidth. 
The rotation of the sensor, which determines the direction of shear, alters the power of the 
reflected light. The peak intensity varies between the maximum value of -1570counts, 
Fig.6.28, to the minimum value of -I 670counts, Fig.6.29. The placement of the sensor inside 
the testing apparatus (Fig.3.1) results in bending of the optical fibre. The change in the 
intensity is caused by the bending losses of the fibre, which are different each time the sensor 
is relocated, since the fibre is disturbed. The sensitivity of the fibre to bending was observed 
experimentally by carefully tweaking the fibre while the sensor was placed in the 
experimental apparatus. Keeping the readout system settings unaltered, the variation of the 
maximwn intensity of the reflected light was measured to be approximately 200 counts. The 
bending radius, however, could not be accurately measured due to the limited access! to the 
sensor. 
I The sensor and the lead-in fibre could only be viewed by the 3mm gap (equal to the sensor height) 
between the base and the top plate of the setup. 
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Fig.6.26: Bragg wavelength shift of sensor-lFh against shear stress. Shear was applied on two 
directions, parallel and perpendicular to the FBG. 
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Fig.6.27: Reflection spectra of sensor- LFh for shear stress 0 to + 120kPa parallel to the grating. 
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Fig.6.29: Reflection spectra of sensor-lFh for shear stress 0 to -120kPa perpendicular to the grating. 
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Fig.6.30: Reflection spectra of sensor-l Fh for shear stress 0 to + 120kPa perpendicular to the grating. 
6.4.3 Measurement of sensor-lFi response to vertical and shear 
stress 
The experimental evaluation of the sensor continues with the measurement of the vertical 
and shear response of an inclined FBG. For that purpo e, sen or-I i wa fabricated, 
following the procedure presented in section 6.4 .1. The fibre wa aligned in ide the wax 
mouJd at an angle of l6° with respect to the horizontal plane. S OT HAST was then 
potted inside the mould, which was prepared according to the manufacturer instructi n and 
cured at 24°C. The same procedure was previously used for the fabrication of en or-I Fh. 
For this particuJar grating we measured AB=836.60nrn, bandwidth- .49nm for the un tre ed 
sensor (measured using the FBG readout system), and transmission los =6dB. ther grating 
specifications are given in Table 3.11. 
6.4.3.1. Measurement of sensor response to vertical stress 
Time response to vertical stress 
The sensor response to vertical stress was measured using the etup pre ented in ecrion 
3.1.4. Fig.6.3 1 shows the variation of the Bragg wavelength in time. The weight plate i 
manually moved on and off the top plate, as described previously for sensor-I Fh (section 
5.3 .2). A significant difference compared to the horizontal grating response, Fig.S.32, is that 
the effect of viscoelasticity is less noticeable, but still exists. 
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Fig.6.31: Time response of sensor-lFi to vertical stress. Each curve corresponds to a different vertical 
load. 
Grating response to vertical stress 
Fig.6.32 shows the measured Bragg wavelength shift against vertical stress. JUs was 
calculated by measuring the average value of Bragg wavelength, as explained in section 
5.3.2. The SLD source was set to 82mA and the acquisition speed to 6scans1sec, giving 
0.016nm resolution (section 3.6.2). Two measurements are plotted on the graph, the second 
taken approximately 30min after the first one, without removing the sensor from the testing 
apparatus. The response is very close to linear. The responsivity is measured 1.2pmlkPa 
The reflection spectra are given in Fig.6.33. Spectrum broadening is clearly observed. 
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Fig.6.32: Measured Bragg wavelength shift against vertical stress for sensor-1Fi. 
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Fig.6.34: Spectrum broadening of the grating in sensor-IFi under vertical stress. 
6.4.3.2. Measurement of the sensor response to shear stress 
Time response to shear stress 
The response ofsensor-IFi to shear stress was measured using the setup presented in section 
3.1.2. The FBG readout system was set to 6scanslsec, and the SLD source to 82tn.A, the 
same settings as used during the measurement of the response to vertical stress. The vertical 
stress, which provides the friction between the sensor and the testing apparatus, was kept 
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constant and approximately equal to 250kPa. O.5Hz, variable amplitude, shear stre s put e 
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Fig.6.35 : O.5Hz, 32kPa shear stress pulses used for the measurement of sensor-l Fi hear response. 
The measured shear strain is also shown. 
A typical time response of the force and displacement readout sy tem is shown in 
Fig.6.35 . The Bragg wavelength was measured simultaneously, which is hown in Fig.6.36. 
Good repeatability is observed, where each pulse produces L\AB .17nm ±O.O 1 nm due to 
noise. 
The shape of the micrometer output trace In Fig.6.35 is an indication of the 
viscoelasticity of the elastomer. An evidence that the measured displacement of the top plate 
is not caused by sbppage of the top plate with the upper sensor surface, is the observation 
that, before each shear stress pulse, the position of the top plate remains unchanged (point in 
circles, Fig.6.35). Fig.6.35 shows that the viscoelastic creep is larger than the initial elastic 
deformation of the elastomer. Fig.6.36 on the other hand, shows that the Bragg wavelength 
shift of the embedded grating is almost unaffected by the creep of the surrounding elastomer 
matrix. Even though the elastomer creeps, it seems that the axial stres which i tran ferred 
on the fibre is nearly constant. 1bis effect was also observed previously when the response 
of the same sensor to vertical stress was examined, Fig.6.31. Only a small drift in the 
wavelength is observed, which is comparable to the noise of the readout system. This 
explains the random appearance of this drift in successive pulses shown in Fig.6.36 and in 
the expanded view in Fig.6.37. Without altering the input stress the acquisition speed 
increased to 12scans/sec (maximum speed). The measured trace of the Bragg wavelength 
shift is shown in Fig.6.38. The first 5s are expanded in Fig.6.39, which shows clearly the 
viscoelastic drift in Bragg wavelength (in circles). The noise significantly degrades the 
wavelength resolution down to O.04nm. Observing the transitions between the 0 and 32kPa 
states, immediate response of the grating is observed. The rise time from 0 to 32kPa is 
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measured 83ms (=1s112scans). The actual response can probably be faster than the 
measured, but could only be examined using a faster FBG readout system than that available. 
The experimentally observed insignificant effect of viscoelasticity on the embedded 
FBG response is beneficial to the sensor perfonnance, since it reduces the measuring errors 
and enables the use of the sensor for low frequency measurements. The reason for the 
observed insensitivity of the embedded FBG to viscoelasticity has to be theoretically 
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Fig.6.39: Detail ofFig.6.38. The drift in Bragg wavelength due to viscoelasticity is shown in circles. 
Bragg wavelength response to shear stress 
The Bragg wavelength shift of the inclined FBG, as a function of shear stress applied 
parallel, and perpendicular to the fibre axis, is given in Fig.6.40. The duration of the 
experiment. for all three sets of data, is approximately 3hours. The air temperature close to 
the setup (closer than IOem from the sensor) was 22±O.5°C throughout the experiment. This 
temperature fluctuation corresponds to fluctuation of the Bragg wavelength by -±O.OO3nm. 
Since this is much less than the wavelength resolution of the readout system, which was 
measured to be ....().02nm, the effect of the wavelength shift due to temperature variation can 
be neglected. 
The second measurement was taken after completing the first set of measurements in 
both ways (-11 OkPa to OkPa, and OkPa to 110kPa). which requires rotation of the sensor. The 
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position of the sensor, and the fibre orientation in the two measurements are therefore not 
identical, which is a possible reason for the 5% average difference between the two 
measurements. Non-linear response is also observed for both positive and negative shear. 
Average responsivity of the inclined FBG to shear parallel to the fibre is 4.8pmlkPa and 
-3.5pmlkPa for positive and negative shear respectively. The responsivity of the grating 
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Fig.6.40: Bragg wavelength shift ofsensor-lFi against shear stress applied parallel, and perpendicular 
to the FBG. 
This result is the first experimental evidence that the inclined FBG responds to shear applied 
parallel to the fibre axis, which gives ~Aa>O for 't>O, and Mo<O for 't<O. which can be 
obtained by the fibre-independent model. Combining eq.(S.23) and eq.(5.24), for O'y=O\ we 
obtain: 
O.8AB't ( ) ~AB = yx I + v sin29 
E (6.43) 
where E=2IMPa (Table 5.1), v=OA, Aa=836.6Onm and 9=16°. Eq.(6.43) is plotted in 
Fig.6.41, together with the experimental results. The prediction for shear perpendicular to the 
grating is L\A8=O. Similar to the prediction for the sensor response to vertical stress, Fig.S.35, 
1 In the experimental result~ we ~xamine the shear res~nse by assuming ~)..a=O for CJi"2S0kPa. The 
actual Bragg wavelength shift With respect to the unstrained sensor is the summing of the measured 
plus -o.3nm due to vertical compression, Fig.6.32. ' 
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the predicted responsivity is an order of magnitude larger than the measured. As it has been 
mentioned in section S.3.2, the reason for this error is the overestimation of the strain 
transferred by the elastomer to the matrb4 based on the assumption that the fibre follows 
precisely the deformation of the material. 
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Fig.6.41: Comparison of the theoretical prediction based on the fibre-independent model. with the 
experimental results, for the inclined grating under shear stress. 
Spectrum distortion due to shear stress 
The reflection spectra for sensor-lFi, for positive and negative shear stress parallel to the 
fibre axis are given in Fig.6.42 and Fig.6.43 respectively. Positive shear causes spectrum 
broadening and distortion of the left side of the spectrum envelope (around 837nrn), which is 
particularly observed for shear stress >80kPa (last S spectra). A possible reason for this non-
symmetric spectrum broadening is the accidental offset of the grating from the centre of the 
sensor during the fabrication procedure. This condition produces non-symmetric axial strain 
along the grating length, which results in non-symmetric chirp, and eventually non-
symmetric reflection spectrum, as discussed in section 6.2.4 and shown in Fig.6.18 for the 
case of a horizontally embedded FBG. 
Negative shear stress on the other hand, decreases the spectrum bandwidth. The bandwidth 
as a function of shear stress applied parallel to the FBG, is plotted in Fig.6.44. The reduction 
of the spectrum bandwidth cannot be theoretically predicted using the fibre dependent model 
because the fibre in this situation is inclined, which prevents the calculation of the axial 
strain along the grating. Under no shear stress the inclined fibre is strained due to the 
presence of the vertical stress. The measured bandwidth (O.5Snrn) is larger than it's 
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unstrained value (0.49nm), due to chirp. If negative shear stress is simultaneously applied 
parallel to the fibre axis, then the reduction in the axial strain will result in reduction of both 
the mean Bragg wavelength shift, and the FWHM bandwidth of the reflection spectrum. In 
this particular experiment, the bandwidth was always measured above O.49run. Therefore, 
axial compression of the FBG never occurred. This could happen if a sufficiently large 
negative shear stress was applied to produce axial compression of the fibre. This condition 
could not be satisfied during these experiments, because shear stresses greater than 
approximately 110kPa lead to slippage between the sensor and the metallic surfaces of the 
apparatus. 
The bandwidth decreases between OkPa and - llOkPa with an average rate - 0. 54pm/kPa. The 
rate which the bandwidth increases from shear stress OkPa to + 11 OkPa, is +0.91 pmlkPa. The 
difference in the rate of bandwidth change, as well as the different responsivity between 
positive and negative values of shear (Fig. 6.40), shows that the sensor response is not 
symmetrical, but depends on the sign of shear stress. This is contrary to the prediction of the 
fibre-independent model, where ~A.B is a linear function of 1:, eq .(6.43), therefore the 
responsivity should be equal for both signs of shear stress. 
-12oo ~--------~--------~--------,---------,-------~ 




c:: 8 -1500 
"-
.c 







836 836.5 837 837.5 838 838.5 
wavelength (nm) 
_ no shear stress - 10kPa 18kPa 
- 25kPa 
- 30kPa - 38kPa --46kPa 
- 65kPa 
- 70kPa 82kPa 87kPa 92kPa 
- 100kPa 110kPa 
Fig.6.42: Reflection spectra of sensor-lFi for shear stress 0 to +120kPa parallel to the grating. 
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Fig.6.44: Reflection spectrum bandwidth of grating in sensor- IFi under shear tress. 
6.4.4 Measurement of sensor-3F response to vertical and shear 
stress 
In the previous experiments, the response of a horizontal and an inclined grating was 
measured in two individual, single-fibre sensors. The final version of the sensor will include 
3 FBGs embedded in the elastomer. The presence of 3 fibres will produce variation of the 
stress distribution inside the matrix compared to the single-fibre ensor. The stre field 
around each of the fibres cannot be considered symmetrical with respect to the fibre axis, 
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due to the interaction of the other two fibres with the elastomer. The fact that, due to the 
relatively small dimensions of the sensor, the fibres have to be embedded close to the centre 
of the sensor, therefore close to each other, is expected to increase the non-uniformity of the 
interfacial stresses on every fibre. For that reason. the theory of single-fibre composites 
presented in section 6.1.1, which was previously used to predict the response of the 
horizontal grating in sensor-1Fh, cannot be used to model the response of the horizontal 
grating in the 3-fibre sensor. 
In this section we will experimentally examine the sensor behaviour by implementing 
and testing a 3-fibre sensor (sensor-3F). The sensor was made according to the procedure 
described in section 6.4.1. SCOTCHCAST was selected as the matrix material in order to 
comply with the previous sensors, and to permit the comparison of the experimental results. 
The horizontal grating has A8=836.40nm, bandwidth O.S4nm, and transmission loss lOdB. 
For the inclined grating we measured A8=836.S2nm, bandwidth=O.47nm, and transmission 
loss 6dB. The axis of those two FBGs lay on parallel vertical planes (fibres I and 2, 
Fig.6.23). A third fibre with its axis perpendicular to the two others is also embedded. In 
order to save FBGs for future experiments, a bare fibre was used instead of a third grating. 
The third fibre was embedded in order to achieve similar stress distribution around the two 
FBGs with the 3-FBG final version of the sensor. Sensor-3F is shown in picture 6, appendix. 
II. 
6.4.4.1. Measurement of sensor response to vertical stress 
Time response to vertical stress 
The response of the two FBGs to vertical stress was measured using the same setup and 
settings as used for the testing of the single-fibre sensors. Fig.6.45 and Fig.6.46 show the 
variation of the Bragg wavelength in time as the weights plate is manually applied on, and 
lifted from the top plate. This corresponds to vertical stress variation .... 370kPa on the top 
surface of the sensor. The traces were taken at 6scans/s and SLD source current 821llA and 
the wavelength resolution was measured as O.02nm for both gratings. Good repeatability of 
the measured Bragg wavelength shift is observed for both gratings. Drift due to 
viscoelasticity is observed in both gratings, which is more pronounced for the inclined 
grating. The time response of both gratings is similar to the response of sensor-lFh, Fig.S.33. 
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Fig.6.4S: Measured Bragg wavelength shift of the horizontal FBG in sensor-3F under manual 
variation of vertical stress from 0 to -370kPa. 
837.1 
837 




~ 836.7 ~ 
836.6 
836.5 
1"- ~ r-" \.. t~ I I , I 
! I 1\ I 1 i I I 
, 
\ ! i ~AB \ ! ! , 1 I : \ ; , I I 
~ 
\ 1 ! \ i I , I I i r ~ t I ; , 
~ ~ ~ ~--~ _.L~ ~ ~ 
o 10 20 30 
time (s) 
40 50 60 
Fig.6.46: Measured Bragg wavelength shift of the inclined FBG in sensor-3F under manual variation 
of vertical stress from 0 to -370kPa. 
Grating response to vertical stress 
Fig.6.47 shows the Bragg wavelength shift - vertical stress curve for the horizontal 
grating, where the second measurement was taken immediately one after the fIrst one. Every 
data point was obtained by measuring the average wavelength difference, as described 
previously (section 5.3.2) and shown in Fig.6.46. The vertical load was manually varied at 
approximately 0.5Hz. The time responses previously shown in Fig.6.45 and Fig.6.46, were 
taken at a lower frequency in order to emphasise the effect of viscoelasticity. The accuracy 
of the measurements therefore, depends not only on the FBG readout system resolution, but 
also on the duration of the applied vertical stress. The uncertainty of the actual L\AB is greater 
in the measurement of the inclined grating due to the relatively large drift due to 
viscoelasticity. This explains the poor repeatability between the two measurements taken for 
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the inclined grating, compared to the measurements for the horizontal grating. It is noted that 
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Fig.6.48: Measured Bragg wavelength shift against vertical stress for the inclined FBG of sensor-3F. 
Non-linear response is observed for both FBGs. The average responsivity of the 
horizontal FBG is 1.35pmIkPa. The same average responsivity is measured for the inclined 
grating, Fig.6.48. The reflection spectra for the horizontal and the inclined gratings are given 
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in Fig.6.49 and Fig.6.S0 respectively. The bandwidth of the two gratings is also given in 
Fig.6.s 1. We notice that, even though both gratings have very close responsivities, their 
spectrum envelope and bandwidth vary in a different way. In case of the horizontal FBG, a 
second peak appears around 836.7om, for vertical stress ~360kPa, Fig.6.49. Thjs seems to be 
the reason for the difference in the measured bandwidths of the two gratings as the vertical 
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Fig.6.49: Reflection spectra of horizontal FBG in sensor-3F under vertical stress. 
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Fig.6.5} : Spectrum broadening of the horizontal and inclined FBGs in sensor-3F as a function of 
vertical stress. 
6.4.4.2. Measurement of sensor response to shear stress 
The response of sensor-3F to shear stress was measured using an identicaJ setup and settings 
as used previously for measuring the single-fibre sensors (section 6.4.3). A typical time 
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Fig.6.52: 0.5Hz shear stress pulses used for the measurement of sensor-3F shear response. The 
measured shear strain is also shown. 
Response of tbe borizontal FBG to sbear stress 
The Bragg wavelength shift of the horizontal FBG to shear stress parall.el and perpendicular 
to the fibre axis is given in Fig.6.S3. Each curve is obtained by rotating the sensor, in a 
similar way as presented for the singJe-fibre sensors. The similarity between the wavelength 
shift - shear stress response of this grating, with the response of sensor-) Fh, Fig.6.26, i 
clearly noticed. The wavelength shift is insensitive to the sign of shear stress, and a po itive 
average responsivity of ....().Spm/kPa is measured for both gratings. The reflection spectra at 
different shear stress are given in Fig.6.54 to Fig.6.57. It is reminded that those spectra were 
captured at an instant during the on-state of the shear pulses, wh.ile .1A8 was measured as dle 
average between the on and off states of the pulse, as shown in Fig.6.46. We therefore use 
the overlapped spectrum graphs to examine the distortion of the spectrum due to vertical or 
shear stress, rather than to measure the Bragg wavelength shift. For the horizontal FBG in 
sensor-3F, no significant distortion of the reflection spectrum is observed, except of variation 
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Fig.6.53 : Bragg wavelength shift of the horizontal FBG of sensor-3F against shear stress, applied 
parallel and perpendicular to the FBG. 
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Fig.6.54: Reflection spectra of the horizontal FBG in sensor-3F, for shear stress 0 to + 120kPa parallel 
to the grating. 
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Fig.6.55: Reflection spectra of the horizontal FBG in sensor-3F, for shear stress - 120kPa to OkPa 
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Fig.6.56: Reflection spectra of the horizontal FBG in sensor-3F, for shear stress OkPa to + J 20kPa 
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Fig.6.57: Reflection spectra of the horizontal FBG in sensor-3F, for shear stress - 120kPa to OkPa 
perpendicular to the grating. 
Response of the inclined FOG to shear stress 
The response of the inclined FBG to shear stres parallel <Uld perpendicular to the grating i 
shown in Fig.6.58 for two measurements. The second measurement wa taken immediately 
after the first one, and the duration of the measurements was - J h. The air temperature was 
measured between 24-24 .5°C, which introduces a maxirnwn error in measuring the 
wavelength shift equal to ±2pm. The linear trendJine, which is al 0 plotted, give 311 average 
responsivity of 5.1 pmlkPa. The response of the grating can be well approximated as linear 
except for shear stresses<-90kPa It is reminded however, that no theoretical prediction, 
based on the fibre-dependent model, has been derived regarding the re pon e of the inclined 
grating. The linear approximation is assumed based only on the experimental data. The 
response to shear stress perpendicular to tbe grating is also plotted., which shows average 
responsivity +O.7pmJkPa, independent of the sign of tre . 
In order to examine a possible relationship between the vertical stress and the observed non-
linearity for shear stress <- 90kPa, a third measurement was taken. The en or was measured 
USing the same setup, but now the vertical stress increased to 400kPa The experiment was 
done one week after the previous measurements. The fibre had to be fusion pI iced again, 
since the sensor had been removed from the FBG readout system. The resolution reduced to 
O.03nm compared to the O.02nm of the previous two measurements. The Bragg wavelength 
shift is shown on the same graph, Fig.6.58, for shear stress - 110kPa to OkPa. The obtained 
Curve is in good agreement (taking into account the error of the readout system) with the 
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previous meas hi h tak . 
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Fig.6.S8: Bragg wavelength shift of the inclined FBG ofsensor-3F against shear stress applied 
parallel, and perpendicular to the FBG. 
The reflection spectra for the fIrSt measurement, for shear paralleJ to the fibre axis, are 
giVen in Fig.6.S9 and Fig.6.60. The reflection spectrum is highly distorted as the vertical 
stress increases. The bandwidth increases, and a second peak appears at -837nm. Negative 
shear on the other hand results in reduction of the spectrum bandwidth. The shape initially 
(under no shear) shows an increase in intensity around -837nm, which disappears as shear 
Increases to -120kPa. Comparing the fust l spectrum in Fig.6.S9 with the fust spectrwn in 
Fig.6.60, significant differences regarding the spectrum shape, bandwidth, and central 
Wavelength are observed, even though the sensor is subjected to the same vertical stress, 
-2S0kPa, and no shear is applied. Possible reasons for this difference will be examined in 
section 6.5. The reflection spectra for the 3rd measurement are given in Fig.6.61. The 
intensity difference compared to Fig.6.60 is due to the splice losses, which were larger 
during the 3rd measurement This is the reason for the deterioration of the wavelength 
reSOlution mentioned previously. It can be observed that. even though the reflection spectra 
-
J hThe spectrum shifts towards the direction shown by the arrow, Fig.6.60. The begiMing of the arrow 
sows the first measured spectrum, which corresponds to zero shear stress. 
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are different under different vertical stress, the measured .1A8 due to shear is not significantly 
changed. 
vertical stress: 250kPa 
-1100 shear stress: OkPa 
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Fig.6.59: Reflection spectra of inclined FBG in sensor-3F under 0 to + II OkPa shear stres , applied 
parallel to the FBG. 
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Fig.6.60: Reflection spectra of inclined FBG in sensor-3F under 0 to -IIOkPa shear stress, applied 
parallel to the FBG. 
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Fig.6.61 : Spectra of inclined FBG in sensor-3F, under -400kPa., for 0 to - I IOkPa shear tress, applied 
parallel to the FBG. 
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The bandwidth of the reflection spectrum against shear stress is given in Fig.6.62. The 
average change in bandwidth is - 2.6pm/kPa. The discontinuity at OkPa is related with the 
difference in spectrum bandwidth mentioned previously, and will be discussed in section 6.5. 
The reflection spectra for shear perpendjcuJar to the fibre axis of the inclined grating 
are given in Fig.6.63 and Fig.6.64. Relative sruft between the central wavelength of the first 
spectrum of each graph (corresponding to 250kPa vertical, OkPa sbear stress) i also 
observed, as seen previously in Fig.6.59 and Fig.6.60. 
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Fig.6.63 : Reflection spectra of inclined FBG in sensor-3F under 0 to + 1 IOkPa shear stress, applied 
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Fig.6.64: Reflection spectra of inclined FBG in sensor-3F under 0 to -I IOkPa shear stress, applied 
perpendicular to the FBG. 
6.4.5 Dynamic response 
The time response of the elastomer sensor to variable frequency shear stress pulses will be 
examined in this section. Only shear stress will be considered, since the time response to 
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vertical stress can only be measured by manually applying a vertical load. The experimental 
investigation of the dynamic response of the sensor will be limited to the measurement of the 
inclined grating response, due to the relatively low response of the horizontal FBGs to shear, 
as measured in the previous sections. The time response of sensor-1Fi has already been 
examined in section 6.4.2 for 0.5Hz, 32kPa shear stress pulses, where 83ms rise time was 
measured. Since there will be 3 FBGs in the final version of the sensor, the inclined grating 
of sensor-3F will be examined next 
The mechanical apparatus, which has been presented in section 3.1, as well as the FBG 
readout system, are identical to the those used previously for the quasi-static characterisation 
of the sensors. The FBG readout system was initially set to 6scansls. The vertical load is kept 
constant and equal to ..... 250kPa. The frequency of shear stress pulses was increased from 0.1 
to 1Hz, keeping the amplitude constant throughout the experiment and equal to +25kPa. The 
measured Bragg wavelength variation in time for OJ, 0.2, 0.5, and 1Hz are given in 
Fig.6.65,Fig.6.66,Fig.6.67, and Fig.6.68 respectively. The Bragg wavelength shift is 
measured l\AB=O.17±O.01nm, independent of the input stress frequency. The shape of the 
wavelength trace is distorted for frequencies :::1Hz, Fig.6.68, due to the low sampling speed 
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Fig.6.65: Response of the inclined FBG in sensor-3F, to O.IHz. 25kPa shear stress pulses. at 6scans/s. 
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Fig.6.68: Response of the inclined FBG in sensor-3F. to 1Hz, 25kPa shear stress pulses, at 6scansls. 
The acquisition speed was then increased to the maxirnwn value of 12scanslsec. The pulse 
shape at 1Hz is not distorted, as shown in Fig.6.69. The rise time between 0 and 25kPa is 
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measured to be 83ms, which is the time resolution of the system. The frequency was further 
increased up to 4Hz, Fig.6.70, Fig.6.71, and Fig.6.72. It appears that the measured average 
AA.a is still equal to O.17nm for shear stress frequency 4Hz. However, no information on the 
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Fig. 6. 70: Response of the inclined FBG in sensor-3F, to 2Hz, 2SkPa shear stress pulses, at 12scans/s. 
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Fig. 6. 71: Response of the inclined FBG in sensor-3F, to 3Hz, 2SkPa shear stress pulses, at 12scans/s. 
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Fig. 6. 72: Response of the inclined FBG in sensor-3F, to 4Hz, 25kPa shear stress pulses, at 12scansls. 
6.5 Comments on the experimental results 
The fIrst observation while measuring the Bragg wavelength shift, under vertical or shear 
stress pulses, was a drift in wavelength. Taking into account the relatively strong viscoelastic 
behaviour of the elastomer, which was observed as creep, simultaneously measured by the 
micrometer, it is reasonable to believe that the wavelength drift is due to stress relaxation of 
the material surrounding the fibre. This can only be theoretically verified by examining the 
stress distribution around the fibre using a more accurate modeJ, which will incorporate the 
viscoelasticity of the material. The drift in wavelength was observed in all four embedded 
FBGs, for both vertical and shear stress. However, it is not observed to the same extent for 
all gratings. For example, the horizontal grating in sensor-lFh, Fig.5.32. shows significantly 
larger drift compared to the inclined FBG in sensor-lFi, Fjg.6.31. Based on the experimental 
data, the angle of the fibre axis with respect to the horizontal plane is not the reason for the 
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presence of drift. The inclined grating in sensor-3F is embedded at the same l angle as the 
FBG in sensor-IFi. However, comparing Fig.6.31 with Fig.6.46 (first 20s), it is apparent that 
~e drift is significantly larger for the inclined FBG in sensor-3F. Furthennore, the two FBGs 
In sensor-3F, which are embedded in the same sample ofmaterial2, show different drift under 
the same stress, as it can be seen in Fig.6.45 and Fig.6.46. The drift is therefore more Hkely 
to be caused by the interaction of the particular fibre with the material, rather than to be 
caused by the properties of the material itself. The type offibre is also not related to the drift, 
since all gratings are written on the same type of fibre. Further experimentation will be 
required by fabricating and testing more sensors, in order to ensure that the variation in drift 
is not caused by manufacturing imperfections, like contamination of the fibre surface during 
the alignment of the fibre in the mould, or the presence of a thin layer of paint used to 
identify the precise location of the grating. Marking of the fibre in the lOmm-region around 
the grating should be avoided. Debris on the uncoated length of the fibre can be removed 
USing a combination of apropriate chemical and physical methods prior to fitting into the 
wax mould. The fibre installation procedure into the wax mould is possible to contaminate 
the fibre surface with wax. This could result in weakness of the fibre bonding with the 
elastomer material and slippage of the embedded fibre. The wax moulds should carefully be 
aligned so that the fibre only touches the wax beyond the 10mm-region which is going to be 
embedded. Melted wax during fibre fixing with the soldering iron could also result in 
Contamination of the fibre near the edges of the sensor. Observing the melting of the wax 
With the stereoscope during fibre installation could reduce this risk. 
The FBG responses to vertical stress, for all three sensors tested, are plotted on the same 
graph in Fig.6.73. It can be observed that the responses differ in terms of linearity and 
responsivity. Calibration of each individual FBG in evezy sensor is therefore necessruy in 
order to derive the actual response curve. Comparing the responses of the horizontal FDGs 
With those of the inclined ones, it seems that the angle a ( .... J4°-J7°) does not significantly 
affect the FBG response. In terms of linearity, no conclusion can be derived. since the 
I The sensors are made with a non-automatic way. The accuracy in achieving the desired angle e 
depends on the precision of the inclined V-grooves, which are manually etched on the wa:< mould. 
However, it is relatively easy to achieve fitting of the fibre close to the upper and lower surfaces of the 
s~nsor with a maximum error of -D.2Smm, which gives maximum error in angle a __ 3° (see also 
r,g·S.13, and eq.S.3S, for h=3-2*O.2S=2.Smm). 
The 3 sensors were fabricated at a different time in an 8-month period. It is mentioned in the data 
sheet of this particular epoxy (SCOTCHCAS1), that the mechanical properties of the elastomer 
depend on the time period for which the two parts (prior to mixing) are stored. Water absorption of the 
unCUred r~sjn, particuJarly of the hard~er material, c:m also ~~ the mechanical properties of the 
epoxy. It IS mentioned that the propertIes of the matenal may slgruficantly vary after 12months from 
the date of production of those two parts. It is therefore possible that the mechanical properties of the 
material in each of the sensors to be different. In this case, however, both FBGs are embedded in the 
same sample. therefore the matrix around those two gratings has identical mechanical properties. 
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measured response varies from fairly good linearity in sensor-lFi (see also Fig.6.32), to 
Significantly non-linear in sensor-lFh. 
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Fig. 6. 73: FBG response to vertical stress for the 3 sensors. Only the first set of measurements for each 
FBG are shown. 
The repeatability in measuring the FBG response is better for sensor-JFi and for the 
hOrizontal grating in sensor-3F than the other two FBGs, as can be inferred by examining the 
difference between the 2 measurements taken for each grating, Fig.S.34, Fig.6.32, Fig.6.47, 
and Fig.6.48. The repeatability is related to the drift in wavelength due to viscoelasticity, 
Which reduces the accuracy in calculating the average wavelength shift, as explained in 
section 6.4.4. The drift in wavelength was less for sensor-lFi and for the horizontal FDG of 
sensor-3F, as mentioned previously. Comparing the reflection spectra measured for aU 
gratings, Fig.S.36, Fig.6.33, Fig.6,49, and Fig.6.S0, we observe that the repeatability is not 
sensitive to the spectrum deformation. For example, a secondruy peak appears on the 
reflection spectra of the horizontal fBG in sensor·3F as the vertical stress increases, however 
the repeatability is better than that of the inclined FBG of the same sensor, even though the 
reflection spectra of the latter are less distorted. 
The horizontal FBGs in sensor-Un and sensor-3F show simiJar response to shear stress, in 
both parallel and perpendicular directions. Fig.6.26 and Fig.6.S3. Positive .1A8 is measured. 
regardless the sign and direction of shear. The theoretical prediction based on the fibre 
independent modeJ. eq.(5.26). shows that the horizontal FBG should be insensjtive to shear 
stress. The fibre dependent model only predicts the response of the FBG to vertical stress. A 
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theoretical model which will predict the interfacial stresses as a function of both vertical and 
shear stress is necessary in order to explain this experimental observation. The actual 
response curve of the horizontal FBGs (as well as the inclined FBGs for shear direction 
Perpendicular to the fibre axis). can only be measured if a higher resolution readout system is 
Used, or this particular one is improved. This can be done by replacing the SLD source with 
the more powerful one, which will increase the signal-fo-noise ratio of the reflected signal 
(section 3.6). Careful fusion splicing of the FBG to the fibre coupler will minimise splice 
losses. Substitution of the fibre coupler with an optical circulator will increase the power 
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Fig.6.74: Response of the inclined FBGs to shear stress parallel to the fibre axis. Only the tirst set of 
measurements are shown. 
The response of the inclined FBGs in sensor-JFi and sensor-3F fa shear stress appljed 
parallel to the fibre axis is different for the two FBGs, as shown on the same graph in 
Fig. 6.74. Sensor-3F shows a nearly linear response in the entire stress range -1 JOkPa to 
+ IIOkPa, while for sensor-lFi the responsivity in the -J JOkPa to OkPa range is smaller than 
in the OkPa to + 11 OkPa. Calibration of each individual FBG to both vertical and shear stress 
is therefore required. 
The response of the inclined FBGs to shear stress appJied perpendicular to the fibre axis 
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mentioned previously, a higher resolution system is required to measure the response 
accurately. In fact, all four FBGs tested show approximately the same response to shear 
stress applied perpendicular to the fibre axis, as can be inferred comparing the relevant 
figures. 
Factors which could possibly contribute to the difference in the vertical and shear stress 
response of the FBGs, are: i) different number of fibres in the sensors, ii) the Imm-
offcentering of the inclined FBG in sensor-3F (fibre 2 in Fig.6.25), iii) non-identical 
mechanical properties of the elastomer of the three sensors (see footnote 2, pg.54), iv) the 
&rating is not in the centre of the embedded length of the fibre, vi) fabrication imperfections, 
mentioned previously in this section, including difference in the angle e. These issues should 
be examined by modelling and experimentation on a larger sample of sensors. 
Significant difference is also observed in the reflection spectrum shape of the FBGs 
when subjected to shear stress, as bas already been mentioned in section 6.4. This can be 
clearly seen for example by observing Fig.6.42 and Fig.6.43 for sensor-lFi under shear stress 
parallel to the fibre axis, and the relevant spectra in Fig.6.59 and Fig.6.60 for the inclined 
FBG in sensor-3F. The distortion of the spectra in sensor-3F is noticeable, with secondary 
peaks appearing for both positive and negative shear stresses. The spectra in sensor-lFi are 
less distorted, and the secondary peak only appears for 250kPa vertical and +11 OkPa shear 
stress (last spectrum in Fig.6.42). The difference in spectrum distortion can also be seen by 
Observing the large difference of the corresponding bandwidth change with shear, which is 
shown in Fig.6.44 for sensor-lFi, and Fig.6.62 for sensor-3F. 
It is possible for the spectrum deformation to produce an error in measuring the Dragg 
wavelength shift. The peak detection algorithm calculates the Bragg wavelength by utilising 
the intensity of five pixels around the main peak of the spectrum (section 3.6.1). If the 
distortion of the spectrum occurs close to the main peak, then the intensity of the pixels 
around the main peak will change which in tum will result in a different polynomial fit, and 
therefore an error in the calculated Bragg wavelength. 
EXamining the spectra in Fig.6.59 and Fig.6.60, which correspond to 250kPa vertical and 
OkPa shear, we notice that, even though both spectra refer to the same FBG under the same 
stress, their shape and central wavelength differ. These spectra were taken at approximately 
40min time difference, without altering the setup and readout system settings. No 
temperature variation was observed during this time. In order to minimise the effect of 
viscoelasticity, the spectra were take after -2min from the application of vertical stress, after 
which no drift in the Bragg wavelength was observed. A second indication of the different 
spectrum shape between those two spectra is the discontinuity of the spectrum bandwidth at 
OkPa shown in Fig.6.62. Similar differences in spectrum shape and bandwidth are also 
279 
CHAPTER 6 Elarlomer sensor - fibre dependent moaet 
observed to some extent in alJ four FBGs, Fig.6.27 to Fig.6.30 for sensor- J Fh, Fig.6.42 and 
Fig.6.43 for sensor-IFi, and Fig.6.54 to Fig.6.57 for the horizontal FBG in sensor-3F. 
The observations mentioned above show that the displacement and/or rotation of the 
sensor in order to change the shear direction must be related to these spectral differences. 
Fabrication imperfections of the sensor itself are not expected to produce the e differences. 
If, for example, we consider abnOImalities like non-unifonn elastomer around the fibres due 
to air bubbles or debris, uneven and non-paralJel upper and lower surfaces of the sensor, then 
we would expect the FBG response to be different from an ideally perfect ensor. However, 
those factors should not affect the FBG response if the sensor is rotated or displaced in the 
testing apparatus, provided that the vertical and shear stress are appljed on the sensor in 
exactly the same way after each rotation or displacement. Imperfections of the experimental 
setup, as well as interaction of the elastomer surfaces with the metallic plates, are likely to 
affect the stress distribution along the fibre axis, which results in a different re ponse of the 
grating. 
In order to examme those issues, some experiments were carried out using one of the 
sensors. Sensor-IFi was placed inside the experimental etup shown in Fig.3. I. Vertical load 
equal to - 320kPa was applied on the sensor. The reflection spectra are gi yen in Fig.6.75. 
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Fig,6.75 : Reflection spectra of sensor-3Fi after random rotation of the sensor, under - 20kPa venicaJ 
stress. 
Each spectrum is obtained after removing the weight plate, lifting the top plate and 
rotating the sensor by 900 with respect to the vertical axis. The top plate, and the weights 
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plate are then placed on the sensor. A time period of ~2min was allowed before recording 
each spectrum. The difference of the four spectra in wavelength and shape is clearly 
observed. It is reminded that the amplitude variation is also affected by the bending of the 
fibre and the intensity fluctuations of the SLD source. 
One reason which could affect the stress distribution on the top surface of the sensor is 
the tilting of the top plate with respect to the horizontal plane as the weights plate is applied 
to the top plate. The sensor is placed between the two metallic plates without accurate 
control of the precise location of the sensor. The weights plate is placed on the top plate 
approximately above the centre of the sensor, again without precision. With careful 
alignment, however, it is possible to achieve an accuracy equal to ±3mm from the normal to 
the centre of the sensor. In order to examine the effect of the eccentric loading, the weights 
plate was deJjberately applied off-centre. The sensor was not removed during this 
eXperiment, the weights plate was moved instead. Fig.6.76 shows the reflection spectrum for 
vertical stress ~320kPa applied above the centre of the sensor (±3mm). The other spectra 
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Fig.6.76: Eccentric loading of the sensor. Each curve corresponds to a specific offset (in mm) of 
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Fig.6.77: Eccentric loading of the sensor. Each curve corresponds to a specific offset (in mm) of 
vertical stress from the normal passing through the centre of the sensor, at direction perpendicular to 
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Fig.6.78: Top view of the top plate, showing the eccentric loading in the z-direction (dimensions out 
of scale). 
The sensor was then rotated by 90° and the previous experiment repeated. The same 
vertical load was applied in the same way as previously, causing eccentric loading of the top 
plate perpendicular to the .fibre axis. The measured spectra are given i.n Fig.6.77. No 
significant variation of the reflected spectrum is observed for eccentric loading on the z-
direction (Fig.3.l), in both cases where eccentric loading is applied parallel or perpendicular 
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apply eccentric loading at the x-direction. The vertical load is applied in the middle of the 
2mrn-gap between those two holes. Fig.6.78 shows the top view of the top plate, and the 
points where vertical stress was applied in this particular experiment. 
A second reason which could affect the stress distribution inside the sensor is the friction 
between the elastomer and the metallic plates. In theory we have assumed that the upper and 
lower surfaces of the sensor are free to expand in the z- and x-directions as defined by 
Poisson's law. In practice, due to the non-zero coefficient of static friction, the two surfaces 
are not free to move, resulting in the barrel-shape deformation of the sensor under vertical 
stress, as shown schematically in Fig.S.8(d). If, after rotation of the sensor with respect to the 
vertical axis, the coefficient of friction cbanged, then the defonnation of the sensor would 
also change. 
The effect of friction was experimentally examined by measuring the reflection spectra 
of sensor-1Fi after reducing the friction coefficient by spraying the sensor surfaces with a 
low viscosity oil. The sensor was placed at different orientations, reversed, and the spectrum 
was recorded after - 2min from the application of 320kPa vertical stress. The spectra are 
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Fig. 6. 79: Reflection spectra of sensor-3Fi after random rotation of the sensor, under - 320kPa vertical 
stress. The sensor surfaces were lubricated prior to the measurements. 
The extreme situation where the friction is so high that the two sensor surfaces cannot 
deform, was simulated by fixing a glass plate (microscope slide) on each surface using a 
cyano-acrylate glue. The sensor was measured as previously, and the spectra are given in 
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responsivity of the grating to vertical stress is also observed, as the result of bonding the two 
surfaces of the sensor. 
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Fig.6.80: Reflection spectra ofsensor-3Fi after random rotation of the sensor, under - 320kPa verticaJ 
stress. A glass plate is bonded to the upper and lower surface of the sensor. 
We conclude therefore that the spectra differences due to rotation are not caused by the 
tilting of the top plate, or the mction between the sensor and the metallic surfaces of the 
testing apparatus. It is thus more likely to be caused by non-parallel surfaces of the metallic 
base and top plate. In that case, the vertical stress is appljed at an angle with respect to the 
nonna) to the sensor surface. The tangential component of the vertical srress, is shear stre 
acting on the sensor. Rotation of the sensor with respect to the vertical axis changes the 
direction of shear. Furthermore, non-parallel metallic surface will produce non-unifonn 
distribution of stress on the top surface of the sensor. This condition will produce variation 
of the stress along the embedded fibre, depending on the precise location of the FBG in the 
sensor and the sensor orientation. 
The top plate was left in contact with the base plate, and the gap between the base and 
top plate was visually examined with a stereoscope. The top plate was found to be in contact 
with the base at the left side (referring to Fig.3. I), while the right side was lifted by 
apprOximately 200J.Ull. The width of the base plate is 6Ot:nm. hence the tilt angle is 
approximately 0.2°. The tangential component of stress "t can be calculated by: 
"t = O"ysin(O. 2°)= J .5kPa 
for O"y=320kPa. 
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The experimental results presented in this thesis were carried out by measuring the elastomer 
sensors under approximately constant temperature. The room temperature during the 
experiments was measured to be -24°±1°C, which results in change of the Bragg wavelength 
by ±O.006nm. The effect of this temperature variation was neglected due to the lower 
wavelength resolution of the readout system. The sensitivity of the sensor response to 
temperature variation, however, is not only affected by the sensitivity of the FBG to 
temperature, as given by eq.(2.9), but also by the change in the elastic properties of the 
embedding material. Generally, polymers change from glass-like to rubber-like behaviour as 
the temperature is raised (Ward, 1983, pp.136-137). In the glassy state at low temperatures, 
the elastomer exhibits higher modulus of elasticity. As the temperature increases, the 
material becomes softer, and its viscoelastic behaviour more pronounced. In the rubbery 
state at high temperatures, on the other hand, the material gets more flexible. The 
temperature dependence of the elastic properties of the matrix will affect the stress which is 
transferred on the embedded grating, hence the sensor response will also be temperature 
dependent. A rise in temperature, for example, will reduce the Young's modulus of the 
matrix, which in tum will increase the measured Bragg wavelength shift for a given vertical 
stress, as shown by eq.(6.37). 
Stress measuring errors due to temperature change can be reduced by measuring the 
material properties and calibrating the sensor at a temperature close to the temperatures 
expected to be measured inside the shoe (30-40°C, Hossein, 1996). An appropriate time 
period should also be allowed before measuring in-shoe stresses in order to ensure thermal 
equilibrium of the insole. The required time period will depend on the thennal conductivity 
and the thickness of the insole material and the elastomer matrix. Since this waiting period 
could be inconveniently long, due to the poor thennal conductivity of the materials, possibly 
the insole could be preheated to an appropriate temperature. 
6.6 Conclusions 
In this chapter, the operation of the elastomer sensor was theoretically predicted by 
considering the sensor as a single-fibre composite material. The objective of this approach 
was to explain the large difference between the theoretical prediction of the fibre-
independent model, which was presented in the previous chapter, and the experimental 
results from the measurement of the Bragg wavelength shift of sensor-lFh, and hence to 
obtain a more accurate model. The stress distribution along the FBG was calculated for a 
sensor containing only one FBG which is embedded horizontally. The reflection spectrum 
properties are then explained using the theory of chirped Bragg gratings. The measured 
Bragg wavelength shift is approximately 45% less than the predicted one. This difference 
can be explained by the uncertainty in knowing the precise elastic properties of the material, 
and the assumption of unifonn distribution of the interfacial stress around the fibre at a 
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particular distance from the centre of the grating. The prediction of this model. however. is 
Significantly closer to the experimental data than the fibre independent model which 
overestimates the grating response by an order of magnitude. 
Three sensors were fabricated by aligning the FBGs in a wax mould, two single-fibre. and 
one 3-fibre sensor. Viscoelastic drift in Bragg wavelength was observed for all FBGs. The 
Bragg wavelength against vertical stress curve for all 4 FBGs tested was measured to be 
approximately ±lS% from the average linear approximation (Fig.6.73) with responsivity 
1.3pmIkPa The response of all 4 FBGs to shear perpendicular to the fibre axis, as welJ as the 
response of the horizontal FBGs to shear parallel to the fibre axis, is similar in all gratings. 
Positive Bragg wavelength shift was measured for both positive and negative shear stress, 
with an average responsivity approximately equal to O.SpmIkPa The Bragg wavelength shift 
of the inclined FBGs has the same sign as the applied shear stress. and the responsivity is of 
the order of Spm/kPa The variation of the FBG response curves shows that individual 
grating calibration is required. 
Due to the relatively slow readout system, the dynamical measurements were restricted 
to low frequencies (up to 4Hz). The frequency response of the sensor was measured equal to 
4Hz, limited by the acquisition speed of the readout system. The rise time from OkPa to 
32kPa was measured 83ms. also limited by the sampling period of the readout system. 
Significant distortion of the reflection spectrum, and bandwidth broadening was observed in 
all FBGs, as the result of the non-unifonn distribution of stress along the grating. The spectra 
shape differ between the embedded FBGs. which is a possible reason for the observed non-
linearity in the Bragg wavelength response. due to possible error in calculating the precise 
Bragg wavelength using the curve-fitting and peak detect algorithm. 
6.7 Future work 
The experimental results from the measurement of the three elastomer sensors. clearly shows 
that further investigation is required for a complete characterisation of the sensor. More 
specifically. the next steps on the sensor development might be: 
• Implementation and testing of a large number of sensors. This wiIl provide infonnation 
regarding the different sensitivity of the gratings to the viscoelastic behaviour. which is 
believed to be caused by fabrication imperfections. It is important that the sensors are 
fabricated from the same elastomer mixture. with identical curing procedure for all 
sensors. This wil1 certify that the elastic properties are the same for all sensors. It is also 
important that the fibre surfaces are cleaned prior to fitting into the fibre. and extra care 
should be taken not to contaminate the fibre with wax. 
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• The uncertainty regarding the precise location of the FBG in the sensor should be 
minimised. nus requires careful marking of the grating location during its fabrication. 
• Accurate measurement of the elastic properties of the elastomer, and the verification that 
linear viscoelastic behaviour is observed in the entire operating range of the sensor. 
Commercial methods and systems for material testing were suggested in section S.3.1.3. 
• As shown in Fig.6.10, the matrix material can be made of a softer material than 
SCOTCHCAST. Silicone elastomers (like SYLGARD) and rubbers have generally 
lower E modulus, exhibit lower viscoelastic creep than other engineering polymers, and 
can withstand larger elastic deformations (Ashby, 1993, pg.IS). 
• Short FBGs are required for the reduction of spectrum deflection, and its implications on 
the sensor performance. as shown in sections 6.2.2 and 6.2.3. 
• Further miniaturisation of the sensor is possible using shorter FBGs, provided that the 
fibre angle does not exceed 300 (section S.2.4). The shape of the top surface area could 
also be other than square. For instance, cylindrical shape of the sensor of lOmm diameter 
(equal to the width and depth of the implemented sensors) will provide the same 
embedded length of fibre, reducing at the same time the sensor volume. 
287 
• .,11:. 




It has been well established during the last 30 years that mechanical stresses acting on soft 
tissue are an important factor in the development of pressure sores. Both pressure and shear 
stress have been found to be responsible for the occlusion of blood supply in the skin and the 
tmderlying soft tissue. Prolonged application of sufficiently high magnitude of nonnal and 
shear stresses could lead to tissue breakdown and ulceration. Subjects who are at high risk of 
developing pressure sores are persons with paralysis, peripheral vascular disease, diabetes, 
and patients with lower-limb prostheses. Many researchers have tried to measure the 
magnitude and distribution of those stresses, and several transducers have been developed 
Recent discrete-sensor transducers provide accurate measurement of the magnitude of 
nOnnal stress, and offer high spatial resolution which allows quasi-distributed sensing of 
pressure in the interface region between the skin and the external surface (prosthetic limb, 
shoe, wheelchair). The systems for measuring shear stresses, on the other hand, are less 
developed. Several electromechanical techniques have been utilised, however the developed 
transducers suffer from large size, electromagnetic interference, low signal-to-noise ratio, 
inability in multiplexing a large number of sensors, and some are only able to measure 
uni-directional stress. 
The aim of the study described in this thesis was the design and implementation of a 
transducer with main target application the measurement of in-shoe shear stresses. The use 
of optical fibres, particularly the use of the newly developed fibre Bragg gratings as the 
strain sensing elements, offer significant advantages compared to the existing methods in 
tenns of multiplexing and size. The design was based on the specifications required for jn-
shoe measurements, however the sensor could be applied for stress measurements in other 
soft tissue biomechanics. 
7.2 Conclusions 
In this thesis, a method for the simultaneous measurement of pressure and shear stress using 
FBGs embedded at a particular orientation into a block of elastomer material, was described 
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for the first time. The sensor is capable of measuring the nonnal stress. and the two 
components of shear stress acting on the top surface of the elastomer. 
The classic theoIY of elasticity in solids was used to derive the required number of 
embedded FBGs, their orientation, and the elastic properties of the material, in order to 
calculate the three components of stress. More accurate prediction of the Bragg grating 
response was obtained using the theoIY of single-fibre composites, which was applied to 
describe the specific case where only one FBG is embedded horizontaJly in the material. 
A novel method for measuring biaxial shear stress using FBGs fitted in an elastically 
deforming structure was also developed. Two FBGs are fJXCd between two metallic disks 
which are separated by a number of steel pins. Application of shear stress on the top disk 
produces relative displacement of the disks as the result of the elastic deflection of the pins, 
which in turn induces strain on the attached FBGs. The aim of the theoretical design was to 
estimate the E modulus and the diameter of the pins for maximum sensitivity in the desired 
dynamic range. The sensor was designed and developed in parallel with the elastomer 
sensor. It was initially considered as an alternative solution to the elastomer sensor while 
searching for the elastomer with the required properties. 
An experimentaJ setup was implemented for the accomplishment of the experiments 
regarding the material testing, and the testing of the sensor response to vertical and shear 
stress. The setup, which was made by high precision, commercially available positioning 
stages, enables the simultaneous application of vertical and uni-directional shear stresses on 
the sensor under test The mean stress and displacement resolution of the system were 
measured to be O.SkPa and 0.1J.UI1 respectively. The Bragg wavelength shift was measured 
using a spectrometer equipped with a 1024 pixel CCD detector. Software written in 
Lab VIEW was used to display and store the FBG reflection spectra, and a peak detect 
algorithm was used to measure the absolute Bragg wavelength of the gratings. This FDG 
readout system was capable of acquiring up to 12spectrals with a wavelength resolution in 
the order of lOpIlL 
The main objective of the experiments was to evaluate the feasibility of the sensors and to 
check the accuracy of the theoretical modelling for the two sensor approaches. Regarding the 
metallic sensor, an enlarged version of the sensor was made from steel (height=IOmm, 
diameter=4Omm), and the displacement of the disk to shear stress was measured. Linear 
elastic displacement was observed across the entire measuring range (0 to 250kPa), within 
approximately ±1 0% from the average linear approximation. The average error in measuring 
shear stress due to vertical stress variation was measured to be less than 5% for any value of 
disk displacement Sensitivity of the structure to shear direction was observed, which was 
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measured to be approximately ±J 5% with respect to the average linear approximation. The 
principle of operation of the sensor was evaluated by installing one FBG and calculating the 
upper disk displacement by measuring the Bragg wavelength shift. Linear response was 
observed. The displacement as this was calculated from the Bragg wavelength shift, was in 
good agreement with the displacement measured by the micrometer. 
Miniaturisation of the metallic sensor to acceptable dimensions for installation in an 
insole revealed several problems. The deformation of the structure was found to be non-
linear, and highly dependent on the direction of shear. Plastic defo~on was also 
observed. For those reasons, the metallic sensor approach was rejected for use as the in-shoe 
stress sensor. The enlarged version of the sensor, however, can be used in any application 
where biaxial shear stress has to be measured, and the sensor dimensions can be accepted. 
The feasibility of the elastomer sensor was experimentally evaluated by fabricating and 
testing three sensors. The response of the horizontal gratings to vertical stress was closer to 
the prediction based on the theol}' of composites, than that of the classic theol}' of elasticity. 
However, the measured Bragg wavelength shift was approximately 45% lower than the 
theoretical prediction. This is thought to be mainly due to the uncertainty of the actual elastic 
properties of the elastomer, and the theoretical assumption of uniform stress distribution 
around the fibre axis. 
The average responsivity of all the embedded FDGs to vertical stress was measured to 
be -1.3pmIkPa, but the measured wavelength shift - stress curve differs significantly 
between the embedded gratings. 
The comparison of the inclined and horizontal FDG response to shear stress parallcl to 
the fibre axis clearly shows the significant effect of the embedding angle to the grating 
response. The sign of the wavelength shift of the inclined FBGs foJJows the sign of the 
applied shear stress, and the average responsivity was measured to be approximately 
5pmIkPa On the contral}', the responsivity of the horizontal FBGs is an order of magnitude 
lower (-Q.5pm/kPa), although it was expected to be zero, based on the prediction of the fibre 
independent model. Due to the relatively low wavelength resolution of the FBG readout 
system, the response of the horizontally embedded gratings to shear stress, as well as the 
response of the inclined FBGs to shear perpendicular to the fibre axis, could not be 
accurately measured. It seems, however, that positive wavelength shift always occurs 
regardless of the sign of shear stress. 
The above results are the experimental evidence that, embedding the FBGs at different angle 
and orientation inside the material, different responses with respect to the three components 
of stress can be achieved. Provided that each FDG is individually calibrated, then three 
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uncoupled equations can be obtained and solved foc the verticaJ and shear components of 
stress. 
7.3 Future work 
The theoretical and experimental work presented in this Thesis was mainJy focused on the 
evaluation of the principle of operation of the triaxial stress sensoc. Several pcoblems have 
been encountered which must be investigated before proceeding to clinical applications of 
the transducer. The experimental results from the measurement of the three elastomer 
sensors, clearly show that further investigation is required foc a complete characterisation of 
the sensor. Issues which must be carefully examined are: 
• the effect of the viscoelastic behaviour on the grating response and methods to avoid or 
compensate it The experimental results showed that the embedded FBGs exhibit 
different sensitivity to viscoelasticity. The reasons for this should be further investigated 
by implementing and testing a large number of sensors made of the same material and 
fibre. Further research is also required in order to find a material with the required E 
modulus and low viscoelasticity. 
• The sensor must be designed using a more accurate theoretical model of the 3-fibre 
sensor. Finite element analysis is thought to be the best approach. Accurate modelling 
wilI allow the modification of the sensor parameters (sensor dimensions, material 
properties and fibre dimensions) when different specifications of the sensor are required 
(increasing for example the dynamic range of the sensor). It is essential that the model 
will carefully examine all the assumptions accepted in this thesis (section 6.2.1). The 
model should provide a precise prediction of the non-uniform axial and shear stress 
distribution inside the fibre. These factors should be examined with respect to their effect 
on the properties of the embedded FBG. 
• The sensitivity of the sensor response to environmental parameters. like temperature and 
humidity. which will affect the material properties, must be examined before the sensor 
is used for in-shoe measurements. 
• The testing apparatus, shown in Fig.3.I, must be improved in order to enable dynamical 
measurements of the sensor for frequencies above 10Hz (section 3.4). The mass of the 
top plate must be reduced in order to reduce its inertia Substitution with a hard polymer 
or composite material will significantly reduce the weight A faster readout system will 
be required for the measurement of the Bragg wavelength shift. A FBG readout system 
capable of acquiring 300scansls is proposed in the next section. 
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7.4 FBG interrogation system for the in-shoe transducer 
A readout system for the interrogation of the in-shoe FBG sensor array will be proposed in 
this section. The system is based on multichannel WDM of the reflected light from the FOB 
array using an imaging spectrograph and a ceo camera, Fig.7.1. The basic system was 
demonstrated by Hu el 01. (1997), which was briefly presented in section 2.8.5. The proposed 
system uses a faster CCO detector, satisfies both scanning speed and resolution requirements 
(section 2.3), and maintains a reasonably simple FBG arrangement, which requires only 2 
fibres per shoe insole. 
Typical wavelength resolution of commercially available spectrographs employing 
CCO detection is -Q.1nm, which can be improved by utilising peak detection algorithms, as 
discussed in section 3.6.1. Because the wavelength resolution strongly depends on the signal-
to-noise ratio of the obtained spectra, it is important to verity that the optical power arriving 
on the active area of the CCO camera is sufficiently high. Ezbiri el 01. (1998) used a 
commerciaJ1y available CCO spectrometer having a resolution equal to 0.Jnm, in order to 
measure the wavelength resolution obtained after using peak detection algorithms. They 
concluded that resolution in the order of ]pm can be achieved if the optical energy during 
each integration time is >] 0% of the energy which leads to saturation of the CCD. 
In this section the optical energy aniving at the detector wiU be estimated, considering 
that commercial devices and components are used for the implementation of the system. 
Parameters like source power, insertion loss of fibre couplers, bulk grating efficiency and 
spectrometer dispersion, which detennine the spectral power density aniving on the CCO 
active area, are taken from the manufacturer data sheets 1. 
The SOOnm wavelength band was selected as the operating band of the system. Reasons for 
choosing this band are i) the wide variety of commercial spectographs and CCD cameras in 
that band at relatively low cost, ii) the relatively high efficiency of CCDs compared to longer 
or shorter wavelengths, iii) the availabiljty of broadband and high power, fibre-pigtailed 
sources. 
J The survey for components and devices was done between December 1998 and March 1999. It is 
therefore possible that the particular components are not yet available, or the specifications and prices 
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The 800nm band broadband light source to be considered is the SLD-37J (SUPERLUM1). 
which has FWHM bandwidth=80nm, operating range =775-855nm, optical power =1.7mW. 
Assuming unifonn distribution of the source power over the 800m spectrum, the spectral 
power density of the source output is 2J.3J.1W/nm. After passing the Jrl coupJ~ the power 
in each output will be equal to 5.6J.1W/nm (-IdB losses, 33% coupling ratio). The power 
which arrives at the FBGs, after passing through the 2x2 coupler is equal to 2.2J.1W/nm (_ 
IdB losses, 50% coupling ratio). Assuming reflectivity 20% and grating bandwidth=O.3om 
for all FBGs, the reflected power will be equal to 133nW over a band ofO.3nm (xO.2 due to 
reflectivity. xO.3 due to bandwidth). The light passes once again through the coupler. and the 
power becomes equal to 53n W. Assuming 6db attenuation due to splicing and bending 
Josses4, the power becomes equal to J3nW. This is the spectral power density which arrives 
at the spectrograph via the 3-fibre cable'. Using MultiSpec imaging spectrograph6 with a 
J2001ines/mm grating7. then the spectral power density which arrives at the CCO wiJJ be 
20% of the input power, hence equal to 2.6nW. 
I SUPERLUM Ltd., P.O. Box 73, E-538, )) ) 538 Moscow, Russia. 
2 Product ID: L2K23-J0685-J3-08J3J, coupling ratio 33/33/330/0, excess Joss -JdB. Available by 
LASER 2000 (UK), Britannia House. Denford Road, Ringstead, NN14 4DF. 
3 Product ID: L1K22-1 0685-50-22231, coupling ratio 50150 %, excess loss -I dB. Available by 
LASER 2000 (UK), Britannia House, Denford Road, Ringstead, NN J 4 4DF. 
4 assuming 0.] db per splice, J 8 splices per fibre, plus 3db bending losses 
, Product ID: 776793 Track Fibre, available by L.O.TAmel Ltd., 1 Mole Business Park. 
featherhead, Surrey KT22 7AU, UK. Tel: 01372-378822. 
7 Product ID: 77400 MuJtiSpec spectrograph, available by L.O.T.-Oriel Ltd. 
Product ID: 77752 Single grating, J2001lmm, 750nrn blaze, available by L.O.T.-DrieJ Ltd. 
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The light from each fibre is focused on the CCO active area as shown in Fig. 7.2. The 
active area of the 1024 x 256 pixel EEV CCD cameral. is equal to 25x5mm. The image of 
the spectrum from each of the three fibres is a narrow line, clearly separated from the images 
of the two others. For this particular spectrograph, the thickness of each line is 
approximately O.4mm The overall bandwidth which is dispersed on each of the 25mm lines 
can be calculated by the dispersion parameter of the spectrograph, which is equal to 
3.1nm1mm. Hence, the overall spectrum captured by the CCO camera will be equal to 
25mm x 3.lnmlmm =77.5nm, which is only 2.5nm less than the available source bandwidth. 
The 2.5nm bandwidth loss can be tolerated, since the overall bandwidth required for the 
WDM of the FBGs is 72nm (4nmper FBG.18FBGsperfibre). 
spectrum from fibre 1 
I l 0.4 
T 
/ 25 )~ / 
spectrum from fibre 3 CCO active area 
Fig.1.2: Images from the three fibres on the CCD active area Dimensions in mm. 
Knowing the dispersion parameter of the spectrograph and the thickness of each Jine, the 
power density over the area of the CCD can be calculated. It will be assumed that the 
spectral power density which arrives on the CCO (2.6nW over a band ofO.3nm, as found 
previously) is uniformly distributed over the rectangular area shown in Fig. 7.3. The 
dispersion parameter is 3.lnmlmm, therefore the width of the rectangular area. which 
corresponds to 0.3nm, will be 0.3/3.l=O.lmm The optical power density on the ceo area 
will therefore be P=6.5IlW/cm2 (2.6nW over O.lxOAmm2). 
This particular CCO camera gives the ability to acquire data from user-defmed regions 
of pixels. If, for example, only one row of J 024 pixels which lies inside the spectral line is 
selected for each line as the sensor array. only 3 of the 256 available pixel rows are used for 
sensing. The remaining 253 rows can be used for a tempormy storage area This means that 
25313=84 rows can be used for storage on the CCO chip. for each line. The frame grabber 
which is supplied with the camera acquires 4framesls (1024x256pixcJ frames). Multiplying 
the acquisition speed. with the number of spectra stored on the CCO. the maximum number 
J Product ID: 18435 I024x256 EEV UV CCO System, including TEC to -60°C. software. and IMHz 
controller card. Available by L.O.T.-Oriel Ltd. 
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of spectra which can be achieved is equal to 336spectra1s per line. which is above the 











Fig. 7.3: Calculation of power density on the CCD active area. Dimensions in mm. 
Adjusting the camera settings for 300spectrals, the maximum integration time is 
t";nt=3.3ms. The optical energy arriving on the CCD active area in 3.3ms will be: 
E=Pxt";n,=2 I.5nJ/cm2• The saturation exposure limit for this camera is 250pJ/cm2• which is 
weU below the estimated power density on the CCD, therefore promising high signal-to-
noise ratio of the acquired spectra 
I This information is found in "ORIEL Instruments, lnstaSpec IV CCD detection system· brochure, 
and with personal communication with the company. The teons "fast kinetics· and "muJtj-track 









Picture 1: Experimental apparatus for the measurement of E-modulus, and Page 
the sensor response to vertical stress. 299 
Picture 2: Apparatus for measuring the G modulus, as well as for the 
measurement of the sensor response to shear stress. 
Picture 3: Apparatus for fibre alignment in the wax mould for the 
construction of sensor-3F. 
Picture 4: Metallic negative mould and wax moulds. 
Picture 5: Sensor-lFh. 
Picture 6: Sensor-3F. 
Picture 7: Enlarged metallic structures (top view). 








Picture 9: Actual size (lOmm diameter, 3.Smm thick) metallic sensor (top view). 303 
Picture 10: Actual size (10mm diameter, 3.Smm thick) metallic sensor (side view). 303 
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Picture I: Experimental apparatus for the measurement of E-modulu , and the en or re ponse to 
vertical tres . 
Picture 2: Apparatus for measuring the G modulus, a well a for the mea urement of the en or 




Picture 3: Apparatus for fibre alignment in the wax mould for the COil tructioll of ell or-3 
metallic 
negati ve mould 
identical wax 
moulds 
Picture 4 : Meta"ic negative mould and wax moulds (actual dimen iOIl ) 
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picture 5: Sensor- I Fh. 
inclined bare fibre 
picture 6: Sen or-J F. 
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en larged aluminium sensor 
Picture 7: Enlarged melallic Iruclure (lOp view). 
tccl pins 
Picture 8: nlargcd III {allic Irll lure (side view). 
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Picture 9: Actual ize ( IOmm diameter, J.Smm thick) meta lli ' . ensor (top iew). 
Picture 10: Actual ize ( I Omm diameter. .5mm thick) 111 ' tallic sensor (side vic\! ). 
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Readout system screenshots 
Picture 1: Screenshot from the FBG spectrum acquisition software, 
written in LabVlE~. The unstrained reflection spectrum of the 
inclined FBG in sensor-3F is shown. 
Picture 2: Screenshot from the Bragg wavelength shift acquisition software 
written in LabVlE~. The graphs show the response of the inclined FBG 
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Picture J: Screenshot (Tom the FBG spectrum acquisition software, wri ll en in LabVI Ewt-. l11e 
unstrained refl ection spectrum of the inclined FBG in en or-JF is hown , 
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Picture 2: Screenshot from the Bragg wavelength hift acquisition ofiware, written in LabV'E~. 
The graphs show the re pon e of the inclined FBG in sen or-3F to - O.5Hz, - 20kPa shear tre pul es. 
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